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INTRODUCTION 
 Increases in nonpoint-source (NPS) pollution and associated groundwater contamination 
due to intensive agricultural production are well documented (Burkart and Kolpin, 1993; 
Hallberg, 1987; Hallberg, 1989; Hamilton and Helsel, 1995; Puckett, 1994).  The U.S. 
Environmental Protection Agency (EPA) currently lists more than 1,200 impaired waterways 
within the Upper Mississippi River Basin (United States Environmental Protection Agency, 
2009).  Results from the 1988-1989 Iowa State-Wide Rural Well-Water Survey (SWRL) 
indicated that approximately 18 percent of Iowa’s private, rural drinking water well’s 
contained nitrate, measured as nitrogen (NO3-N), in excess of the drinking water standard of 
10 mg/L (Kross et al., 1990).  Wassenaar et. al (2006) estimated that 5 to 46 percent of 
domestic water wells located in agricultural regions of North America exceed the drinking 
water quality standard for nitrate (NO3) of 45 mg/L as nitrate.  With nearly 60 percent of 
Iowa’s drinking water supplied by surficial aquifers, understanding the interactions between 
land use, groundwater, streams, and water quality is integral to protecting the quality of our 
water resources (Prior, 2003). 
Mathematical models simulating land use effects on water quality can be useful tools for 
identifying practices that improve water quality through land use changes and best 
management practices (BMPs).  The U.S. Department of Agriculture, Cooperative State 
Research, Education and Extension Service (CSREES), through its Conservation Effects 
Assessment Project (CEAP), created watershed research grants designed to evaluate the 
effects of conservation practices on water quality and further improve management of 
agricultural landscapes to achieve environmental goals and inform policy decisions.  Iowa 
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State University was awarded a CEAP grant in 2004 for work on three watersheds of 
differing land use, soils, and geology: the South Fork of the Iowa River in north central Iowa; 
Walnut and Squaw Creeks in central Iowa; and Bloody Run/Sny Magill Creek in northeast 
Iowa.  The grant built on the existing CEAP project in the South Fork already underway at 
the National Soil Tilth Laboratory (now the National Laboratory for Agriculture and the 
Environment), and previous work in Walnut/Squaw and Sny Magill/Bloody Run watersheds 
by the Iowa Geological Survey.  The overall goal of the project was to provide policy makers 
with information concerning the water quality benefits and economic costs of implementing 
multiple agricultural conservation practices in Midwest watersheds.  Achievement of this 
goal was to be met by: 1) constructing and calibrating water quality models; 2) comparing 
water quality model results with those from a conjunctive groundwater-surface water model; 
3) determining combinations and placement of conservation practices within each watershed 
to meet water quality goals; and, 4) extending the findings to watershed and commodity 
groups, environmental NGOs, state governments, and other interested parties.   
The project implemented the watershed-scale model SWAT (Soil and Water 
Assessment Tool) in each watershed as a means of modeling current practices and also to 
predict the consequences of land use changes on stream discharge and water quality (Arnold 
et al., 1998; Arnold and Fohrer, 2005).  Used internationally, it is part of the software 
package for the EPA’s Better Assessment Science Integrating Point & Nonpoint Source 
Pollution (BASINS) program, whose main goal is to estimate and develop Total Maximum 
Daily Load (TMDL) standards and guidelines nationwide.   
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PURPOSE AND SCOPE OF RESEARCH 
Accurate assessment of the impact of land-use management on water quality is critical 
to inform policymakers interested in developing solutions to nonpoint-source pollution.  In 
order to evaluate and simulate conservation practices as a tool for improving water quality, 
any model must at its core simulate accurately all hydrological processes in the watershed of 
interest, including precipitation, overland flow, evapotranspiration, tile flow, stream flow, 
groundwater flow, and groundwater-surface water interaction.  SWAT’s ease of use and 
seamless application in ArcView have vaulted it into widespread use; however, its use of 
empirical curve numbers to estimate runoff (overland flow) and lack of a deterministic 
groundwater component has caused some concern about its ability to model watershed 
hydrology accurately.  The purpose of this study was to evaluate the SWAT model’s ability 
to simulate the hydrology in the South Fork and Walnut/Squaw watersheds accurately, with 
specific focus on groundwater flow and its interaction with surface water.  The scope of 
research included the following objectives: 1) to construct and calibrate a conjunctive 
groundwater-surface water model using the analytic element model, GFLOW; 2) to compare 
GFLOW and SWAT parameters and model results for each watershed; 3) assess whether 
SWAT-generated parameters, specifically the groundwater recharge, are physically 
reasonable to use in simulations of groundwater flow in these and similar watersheds. 
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DESCRIPTION OF STUDY AREAS 
Land Use and Hydrogeologic Setting 
South Fork Watershed 
The South Fork watershed (SFW) covers approximately 78,000 ha (193,000 acres)  and 
is located in Hardin and Hamilton counties in central Iowa, with the northern watershed 
boundary extending into Franklin and Wright counties (Figure 1).  It is located on the eastern 
edge of the Des Moines Lobe as marked by the Bemis moraine (Figure 2).  In general, 
topography of the Des Moines Lobe landform is characterized by low relief and poor surface 
drainage.  However, three late Wisconsinan end moraines (Bemis, Altamont I and Altamont 
II) cross the watershed from north to south, which according to the digital elevation model 
(DEM) provide relief up to 25 m (82 ft) above till plain and outwash sand areas (Figure 3). 
Land use in the SFW is typical of the intensively managed agricultural areas found in 
central Iowa.  Ninety-one percent of the watershed is characterized by agricultural production 
(85% under row crop production and 6% in pasture) (Green et al., 2006) (Figure 4).  An 
estimated 80 percent of the watershed is tile-drained and nearly 100 swine concentrated 
animal feeding operations (CAFOs) are located within the basin (Green et al., 2006).  Field 
application of CAFO waste for crop fertilization is standard practice.  The dominant soils 
found throughout the SFW are those of the highly productive Clarion-Nicollet-Webster soil 
association.  The textural classifications for these soils are loam, clay loam and silty clay 
loam, respectively, and their soil taxonomic classifications are Typic Hapludoll, Aquic 
Hapludoll and Typic Endoaquoll, respectively.  Management of these hydric soils for 
intensive row crop production has resulted in the development of extensive tile drainage 
networks. 
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The SFW is comprised of three major drainages: the South Fork of the Iowa River in the 
center of the watershed; Tipton Creek (a tributary to the southwest); and a tributary to the 
northeast, Beaver Creek.  The South Fork of the Iowa River flows in a southeasterly 
direction, discharging into the main stem of the Iowa River at the mouth of the watershed 
(Figure 1).  Long term mean annual precipitation for the Central Iowa Climate District is 
32.45 inches (824 mm) (H. Hillaker, written communication, 2006). 
Bedrock stratigraphy of the SFW includes Mississippian carbonates and shales, overlain 
by Pennsylvanian shales and sandstones. Mississippian bedrock outcrops along the main 
stem of the Iowa River, northeast of the SFW.  Pre-Illinoian till and Wisconsinan loess 
(Peoria Formation) comprise the subsurface Quaternary units.  Surficial geology is 
dominated by late Wisconsinan till of the Dows Formation (Figure 8).  Outwash of the Noah 
Creek Formation and alluvium of the DeForest Formation extend along the valley of the 
South Fork, Tipton Creek and Beaver Creek.  Thickness of the Dows Formation is commonly 
15 to 20 m (49 to 66 ft), but it increases to thickness greater than 30 meters (98 ft) near the 
end moraines (Bettis et al., 1996).  The uppermost unit, the Morgan Member, varies in 
thickness, typically 2 to 4 m (6.6 to 13 ft) and was deposited in a supraglacial environment.  
The Morgan member exhibits significant textural variability, ranging in textural classification 
from sandy loam to silty clay loam.  In contrast, the underlying Alden Member is a massive, 
compositionally uniform diamicton, classified as a loam and is interpreted as having been 
deposited in a subglacial environment.  The Alden member typically ranges in thickness from 
10 to 20 m (33 to 66 ft), but can reach thicknesses of nearly 30 m (98 ft) near the end 
moraines.   
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The SFW is located within the Northeast Iowa Groundwater Province, where the 
principal aquifer is the Mississippian carbonate aquifer; however, surficial aquifers are also a 
source of water supply (Prior, 2003).  The surficial groundwater system consists primarily of 
till of the Dows Formation, outwash of the Noah Creek Formation, and Holocene alluvium of 
the DeForest Formation.  The textural contrast between the Alden and Morgan Members is of 
hydrogeologic significance, because the more uniform Alden Member has a much lower K 
value than the Morgan Member, which includes frequent lenses of sand and silt.  The water 
table often fluctuates above this contact due to the difference in K between the two Members. 
 
Walnut Creek and Squaw Creek Watershed 
The Walnut Creek and Squaw Creek watersheds (WCSCW) are located adjacent to each 
other in Jasper County in south-central Iowa (Figure 1).  Walnut Creek watershed (WCW) 
drains a 5,220 ha (12,900 acres) area and the Squaw Creek watershed (SCW) occupies 4,740 
ha (11,713 acres).  Both watersheds are located on the Southern Iowa Drift Plain, a landform 
characterized by steeply rolling hills and well-developed drainage with relief ranging from 50 
to 60 m (164 and 197 ft) (Figure 2) (Prior et al., 2003). 
Land use in the WCSCW was dominated by row crop production in 1990, with 
approximately 70 percent of each watershed in row crops (Schilling et al., 2006).  However, 
beginning in 1990 prairie restoration efforts took place within the WCW.  As of 2005, over 
80 percent of land in the SCW was occupied by row crop production, with conservation 
practices accounting for 12 percent of the watershed.  At that time 54 percent of the WCW 
was managed for row crop production and 23.5 percent of the watershed had been restored to 
native tall grass prairie (Schilling et al., 2006) (Figure 6).  Many of the soils present in the 
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WCSCW are characterized by moderate to high erosion potential.  Typical soils are within 
the Tama-Killduff-Muscatine soil association, silty clay loams classified as Typic Argiudoll, 
Dystric Eutrudept, and Aquic Hapludoll, respectively. 
Walnut Creek is fed by several small, unnamed tributaries as it flows to the south where 
it discharges into the Des Moines River.  Squaw Creek flows to the north and discharges into 
the Skunk River .  The WCSCW is also located within the Central Iowa Climate District 
whose long term mean annual precipitation is 32.45 inches (824 mm) (H. Hillaker, written 
communication, 2006). Bedrock stratigraphy of the WCSCW consists of shale, limestone, 
sandstone and coal of the Pennsylvanian Cherokee Group.  A few outcrops of shale and some 
sandstone occur in the lower reaches of the WCW and south of the watershed boundary.  
Unlithified Quaternary deposits including Pre-Illinoian till, Late Sangamon paleosols 
(Geosols), Wisconsinan loess of the Pisgah and Peoria Formations, and Holocene alluvium 
comprise the surficial geology (Figures 5&8).  Uplands are typically blanketed by a thin 
layer of Wisconsinan loess, whereas hillslopes expose outcrops of Pre-Illinioan till and Late 
Sangamon paleosol (Sangamon Geosol).  Loess of the Pisgah Formation has been affected by 
hillslope erosional processes and development of the Farmdale Soil; there are few exposures 
of Farmdale Soil and pedisediment (Kemmis, 1992).  Pedisediments are composed of 
stratified silt loam interbedded with layers of pebbles, sand and clay stringers (Schilling and 
Thompson, 1999).  Holocene alluvium consists of the DeForest Formation and includes the 
Camp Creek, Roberts Creek and Gunder Members, and the Pre-Gunder silt loam (Schilling 
and Thompson, 1999). These deposits occur along the flood plains of Walnut and Squaw 
Creek as well as second order streams.   
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 The WCSCW is located within the Southern Iowa Groundwater Province, where the 
principal aquifers are glacial drift and buried valley aquifers, as well as alluvial aquifers such 
as the South Skunk and Des Moines (Prior, 2003).  Poor yields and poor water quality limit 
the Pennsylvanian bedrock as a viable aquifer.  The surficial groundwater system consists of  
Pre-Illinoian till, Wisconsinan loess, and Holocene alluvium.  Pre-Illinoian till, the most 
extensive of these units has a loam textural classification and ranges in thickness from 6 to 30 
m (20 to 98 ft) (Schilling and Thompson, 1999).  Peoria loess is a silt loam to silty clay loam 
and is ranges in thickness from 0 to nearly 3 m (0 to 10 ft) (Schilling and Thompson, 1999).  
Holocene alluvium varies in thickness up to 9.5 m (30 ft) or more (Anderson et al., 2002; 
Schilling and Thompson, 1999).  The water table is often found above the contact between 
the loess and underlying, less permeable paleosol and till (Prior, 2003). 
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PREVIOUS WORK 
Instrumentation  
South Fork Watershed 
Considerable research has occurred and is ongoing in the SFW.  In 1995, as part of the 
Eastern Iowa Basins National Water Quality Assessment (NAWQA) program, the U.S. 
Geological Survey established a gaging station located in the South Fork of the Iowa River 
watershed, near New Providence, IA (05451210) (Becher et al., 2001).  The USGS gage 
provided 10 years of discharge data.  In 2000, the Agricultural Research Service (ARS) 
selected SFW as one of twelve benchmark CEAP watersheds.  During 2000 and 2001, the 
National Laboratory for Agriculture and the Environment (NLAE) expanded hydrologic and 
water quality monitoring by establishing three additional gaging stations within the 
watershed: South Fork (SF400), Tipton Creek (TC325), and Beaver Creek (BC350) and 
began collecting data for development of a rating curve at South Fork (SF450) (Figure 3).  
Gage installation and data collection began in late 2000 and early 2001, providing four to 
five years of discharge data for model calibration.  South Fork (SF450) is co-located with the 
USGS gage 05451210 (South Fork Iowa River NE of New Providence, IA).  The discharge 
record for South Fork (SF450) is based upon an independent rating curve and stage 
measurements from the USGS gage. 
In 2005, the USGS Agricultural Chemical Transport (ACT) program selected the South 
Fork watershed as one of seven national watersheds for investigation of agricultural 
chemicals and water quality in important agricultural and natural settings (Kalkhoff and 
Capel, 2005).  In 2005, the SWAT model was used to simulate the hydrology of the SFW and 
evaluate the impact of conservation practices on water quality (Green et al., 2006).  More 
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recently, Tomer et al. (2008a) discussed the results of a conservation practice inventory for 
the SFW, citing the need for resource management systems that address tile drainage as the 
primary route of nutrient loss.  Tomer et al. (2008b) characterized concentration and 
temporal distribution of nutrients (NO3-N and total P) and E. coli in surface water of the 
SFW. 
 
Walnut Creek and Squaw Creek Watershed 
Research within the WCSCW began in 1995 with the establishment of the Walnut 
Creek Watershed Restoration and Water Quality Monitoring Program, which focused on 
monitoring changes in nonpoint-source (NPS) pollution due to changes in land use.  Three 
USGS stream discharge gages were installed in the WCSCW: Walnut Creek near Prairie City 
(05487540; WNT1); Walnut Creek near Vandalia (WNT2; 05487550); and Squaw Creek 
near Colfax (SQW2; 05471040) (Figure 5).  Each of these gages provided ten years of 
discharge data (1996 water year to 2005 water year) for model calibration.  The water year 
(WY) begins on the first of October of the previous year and ends on September thirtieth of 
the year of interest; e.g., the 1996 WY begins October 1, 1995 and ends on September 30, 
1996. 
Groundwater monitoring in support of this program consists of three different groups of 
wells installed at different landscape positions throughout the WCW.  These were named the 
Old Transect wells, the Riparian wells and the Cabbage wells (Figure 7).  Installed in late 
1995, the Old Transect wells consist of seven wells at four sites along a transect from an 
upland recharge area to a discharge area in the Walnut Creek valley (Schilling and 
Thompson, 1999).  Depth of the Old Transect wells ranges from about 2 to 9.5 m (6.6 to 31.2 
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ft) (Schilling and Wolter, 2001).  The Riparian Transect wells were installed in 2001 as a 
series of 35 shallow, nested piezometers along a transect across the Walnut Creek floodplain 
(Schilling et al., 2004).  The piezometer nests were installed at approximately 1.52 m (5 ft) 
intervals ranging in depth between 0.76 and 5.18 m (2.5 and 17 ft) , with two deeper 
piezometers at 6.4 and 13.7 m (21 and 45 ft).  The Cabbage wells were installed in late 2001 
and late 2003 as a series of 26 nested piezometers located in an upland area undergoing land 
use conversion from row crop to native prairie.  They ranged in depth from approximately 
2.4 to 7 m (7.9 to 23 ft) (Weisbrod, 2005).  A steady-state groundwater flow model 
(MODFLOW; McDonald and Harbaugh, 1988) was constructed for the Cabbage site to 
evaluate the effects of prairie restoration on groundwater residence times (Wiesbrod, 2005).  
 
Hydraulic Conductivity of Quaternary Sediments 
Published K values for Members of the Dows Formation are few.  Seo (1996) reported 
geometric mean K values of 2×10-6 m/s (0.57 ft/d) for oxidized late Wisconsinan till (Alden 
Member) and 6×10-9 m/s (1.7×10-3 ft/d) for unoxidized Alden Member based on slug test 
results.  Pumping test results from Seo (1996) indicate a mean K of 1×10-5 m/s (2.8 ft/d) for 
the oxidized Alden Member.  Slug tests results reported by Simpkins (2006a) include 4.5×10-
6 m/s (1.28 ft/d) for oxidized Wisconsinan till (likely Morgan Member) and 1.2×10-7 m/s 
(0.03 ft/d) for the deeper, unoxidized till (likely Alden Member).  K values for unoxidized 
Peoria loess from slug tests range from 1×10-9 m/s (2.8×10-4 ft/d; Seo, 1996) to 3.5×10-8 m/s 
(9.9×10-3 ft/d; Simpkins and Parkin, 1993) to 1.2×10-7 m/s (0.03 ft/d; Simpkins, 2006a).  
Tomer and Burkart (2003) reported values of 1.4×10-7 to 8.9×10-5 m/s (0.04 to 25.2 ft/d) for 
oxidized loess in western Iowa, 
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Seo (1996) reported values of 4×10-7 m/s (1.1×10-1 ft/d) and 7×10-10 m/s (2×10-4 ft/d) 
for oxidized and unoxidized Pre-Illinoian till, respectively, in the Walnut Creek watershed 
south of Ames, IA.  Pumping tests showed a K value of 1×10-7 m/s (2.8×10-2 ft/d) for 
oxidized Pre-Illinoian till (Seo, 1996).  Comparison of field and laboratory K measurements 
for oxidized Pre-Illinoian till of the Wolf Creek Formation produced a value of 1.72×10-7 m/s 
(4.9×10-2 ft/d; Bruner and Lutenegger, 1994).  Hydraulic conductivity of unoxidized Pre-
Illinoian till is 3.4×10-8 m/s (9.64×10-3 ft/d) in the Walnut Creek watershed (Schilling and 
Wolter, 2001). 
An investigation of the Walnut Creek floodplain by Schilling et al. (2004) reported the 
following K values for Members of the DeForest Formation: 5.57×10-5 m/s (16 ft/d) for the 
Camp Creek Member; 1.7×10-6 m/s (4.8×10-1 ft/d) for the Roberts Creek Member; and 
4.93×10-6 m/s (1.4 ft/d) for the Gunder Member.  Simpkins et al. (2002) reported a slightly 
higher mean K value of 2×10-5 m/s (5.7 ft/d) for the Gunder Member in the Bear Creek 
watershed, Iowa.  Seo (1996) estimated mean K values of 7×10-5 m/s (20 ft/d) for Holocene 
alluvium at Walnut Creek south of Ames, Iowa.   
 
Watershed and Groundwater Models 
Watershed Water Quality Models 
Watershed models can be classified as lumped, distributed, or a hybrid of the two 
(termed “semi- or quasi-distributed”).  Lumped models are generally expressed using 
ordinary differential equations and therefore do not take into account spatial variability in 
watershed processes, input data, boundary conditions, watershed geometry and output 
(Singh, 1995).  Lumped models describe some processes with differential equations based on 
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simplified hydraulic laws and they represent other processes with empirical algebraic 
equations.  For example, the lumped watershed model ANSWERS-Continuous (Bouraoui et 
al., 2002) simulates overland runoff using Manning’s and the continuity equation, resulting 
in an ordinary differential equation that is temporally variable and spatially uniform.  This 
same watershed model simulates subsurface flow using empirically-derived parameters such 
as ‘tile drainage coefficient’ and ‘groundwater release fraction’ (Borah and Bera, 2003).  In 
contrast, distributed models use partial differential equations, thereby explicitly accounting 
for spatial and temporal variability in watershed processes, input data, boundary conditions, 
watershed geometry, and model output.  Watershed models are also classified based upon the 
simulation time-scale and can be either event-based or continuous-time simulation.  Event 
simulation models are interested in developing a flood hydrograph for a given precipitation 
event (with a duration on the order of days); therefore, they do not address 
evapotranspiration, soil moisture accounting, and base flow processes (Maidment, 1993).  
Continuous simulation models account in time for all precipitation that falls on a watershed 
and the movement of water through the basin to its outlet;  therefore, they must take into 
account all hydrologic processes, including evapotranspiration, soil moisture accounting, and 
subsurface flow in the unsaturated and saturated zones (Maidment, 1993).   
Based on the descriptions in the previous paragraph, evaluation of water quality 
improvement, for example as a result of changes in land use, requires a model capable of 
long-term continuous simulation at the watershed scale.  Numerous hydrologic and nonpoint-
source water quality models exist, several of which were developed to simulate continuous-
time processes at the watershed scale (Bicknell et al., 1993; Refsgaard and Storm, 1995; 
Arnold et al., 1998; Bouraoui et al., 2002; etc.).  Water quality models typically are capable 
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of simulating hydrology (flow), sediment concentration, and nutrient (N and P) 
concentrations.  Those particularly suited for agricultural applications, such as SWAT, also 
include simulators for land management practices (i.e., crop rotation and soil tillage 
practices) and Best Management Practices (BMPs).   
The hydrologic simulation capability of most watershed-scale models focuses on 
overland flow (surface runoff), precipitation, evapotranspiration, and water storage in the soil 
profile (root zone).  Explicit simulation of saturated groundwater flow is typically absent.  To 
account for this, models such as SWAT use empirical parameters to partition shallow aquifer 
recharge versus deep aquifer recharge and in part use that information to estimate the volume 
of daily base flow to the stream.  Models such as AnnAGNPS (Bingner and Theurer, 2001) 
ignore groundwater flow altogether and assume that all downward percolation below the soil 
profile is lost from the hydrologic system. 
Borah (2003) reviewed five commonly used continuous simulation watershed-scale 
models.  He identified the mathematical bases for each model, which ranged from empirical 
relationships expressed using robust algorithms to numerical solutions of physically-based 
governing equations.  An example of the latter, MIKE-SHE (Refsgaard and Storm, 1995), is 
a distributed-parameter, physically-based model that uses numerical methods for simulating 
overland flow, unsaturated and saturated flow, and streamflow.  The 3-D groundwater flow 
equations are solved numerically using finite difference methods.  Although in theory this 
model represents a better approach to modeling surface-groundwater interaction, it is 
computationally intensive, generally prohibiting its application to long-term simulations for 
large watersheds, although it has recently been tested for such application (Hansen et al., 
2008).   
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Empirically-based models, such as the Soil and Water Assessment Tool (SWAT), 
provide the benefit of decreased computation time and continuous simulation of large 
watersheds.  However, estimating changes in nutrient loading to streams as a result of 
changes in land use necessitates accurate surface and subsurface flow path simulation.  This 
in turn requires distinction of streamflow generating processes and spatial representation of 
land use features.  SWAT uses a Hydrologic Response Unit (HRU) concept to subdivide the 
watershed into smaller units, with the assumption that within these individual units the 
watershed responds uniformly to hydrologic processes (Leavesley et al., 1983).  Such lumped 
and semi-distributed approaches have been criticized because this approach assumes that 
each HRU behaves independently of its landscape position; therefore, pollutant routing 
between HRUs and within a single subwatershed, is ignored (Bryant et al., 2006).  
Furthermore, SWAT has been criticized for its use of the SCS Curve Number, its large of 
number of empirical parameters, and its inability to distinguish among streamflow-generating 
processes, (specifically infiltration excess runoff and saturation excess runoff) (Garen et al., 
1999; Garen and Moore, 2005; Agnew et al., 2006).   HydroGeoSphere, a new model by 
Therrien et al. (2007) is a promising fully uncoupled saturated/unsaturated, physically-based, 
deterministic model that takes into account all hydrologic processes, although it is does not 
specifically address agriculture or land use.  The USGS HSFP model is also receiving 
attention as a watershed model (Bicknell et. al, 1993).   
Differences in the approach between modeling water flow in watersheds and modeling 
groundwater flow suggest why most watershed models do not address groundwater with 
significant detail.  Many watershed models are empirically based and either lumped-
distributed or semi-distributed and require a large array of empirically derived and/or 
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physically measured input parameters.  They simulate streamflow at very small time scales 
such as days and their calibration is limited to measurements of stream discharge and 
nutrient/sediment concentration.  In contrast, groundwater models (as well as contaminant 
transport models that could simulate nutrient movement) are physically-based and fully- 
distributed, use relatively few physically-based (and measurable) parameters and use a 
governing equation (partial differential equation) to simulate hydraulic heads in the domain 
of interest.  Groundwater flow can be simulated for steady-state or transient conditions, with 
time steps of generally months or years.  Calibration of a groundwater flow or contaminant 
transport model generally involves hydraulic head, stream discharge, and often contaminant 
concentrations.   
 
Soil and Water Assessment Tool (SWAT) 
SWAT is a widely used, watershed-scale, continuous-time model designed to simulate 
impacts of management on water, sediment, and agricultural chemical loads (Gassman et al., 
2007).  SWAT is a semi-distributed parameter model whereby each watershed is divided into 
sub-watersheds, based upon a digital elevation model.  Sub-watersheds are further divided 
into Hydrologic Response Units (HRUs) based upon common land use, management, and 
soil type.  SWAT assigns a single set of parameters to each Hydrologic Response Unit, 
thereby simulating surface runoff and infiltration by lumping these processes at the HRU-
scale.  Fully-distributed models, including most groundwater models, allow parameters to 
vary continuously in space or at the grid cell resolution.  SWAT includes eight major 
modeling components – weather, hydrology, soil temperature, plant growth, nutrients, 
pesticides, and land management – and performs a mass-balance on a daily time step. 
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SWAT began with an existing USDA-ARS model – Simulator for Water Resources in 
Rural Basins (SWRRB; Arnold and Williams, 1987) – that was expanded to include return 
flow (synonymous with base flow in this context) from the shallow aquifer (Arnold et al., 
1993), stream flow routing routines from the Routing Outputs to Outlet (ROTO) model 
(Arnold et al., 1995b), and in-stream kinetic routines from the QUAL2E model (Brown and 
Barnwell, 1987).  The latest version of the SWAT model is SWAT2005 (Neitsch et al., 
2005a; Neitsch et al., 2005b).  Today’s growing number of SWAT users benefit from 
Geographical Information System (GIS) interface tools that support automated data input for 
SWAT (Di Luzio et al., 2004; Olivera et al., 2006; USDA-ARS, 2009). 
The hydrologic component of SWAT partitions precipitation into four control volumes: 
(1) the surface, (2) the soil profile or root zone, (3) the shallow aquifer, and (4) the deep 
aquifer.  SWAT hydrologic simulations are based on the water balance equation: 
)(
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where tSW  is the soil water content (mm water) at the end of time step t  (days),  
0SW  is the initial soil water content on day i (mm water),  
dayR  is the amount of precipitation on day i (mm water),   
surfQ  is the amount of surface runoff on day i (mm water),  
aE  is the amount of evapotranspiration on day i (mm water),   
seepw  is the amount of water entering the vadose zone from the soil profile on day i 
(mm water), and 
gwQ  is the amount of base flow from the shallow aquifer on day i (mm water).   
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A water balance is computed for each HRU at every timestep.  A summary of the resulting 
water balance at the end of each (daily) time step can be viewed in the HRU output file 
(.HRU).  
The initial hydrologic computation in the SWAT simulation partitions precipitation that 
falls on the soil surface into surface runoff ( surfQ ) and infiltration with subsequent pathways 
for water movement in SWAT, including recharge to the shallow aquifer and subsequent 
groundwater discharge (Figure 9).  Surface runoff is calculated using the empirically derived 
SCS Curve Number (CN) method (USDA-SCS, 1972), with the amount of infiltration 
determined implicitly as the difference between the amount of precipitation and the amount 
of surface runoff.  SWAT provides an option for modeling infiltration explicitly using the 
Green-Ampt method (King et al., 1999).  However, because the SCS CN method was used 
for the SWAT modeling in this study and in most other studies, subsequent discussion will 
focus only on the SCS CN method for estimating surface runoff. 
The USDA Soil Conservation Service (formerly SCS; now NRCS) CN method is an 
infiltration loss model which aggregates (lumps) spatial and temporal variations into a 
calculation of “direct runoff” for a given storm depth and drainage area (Ponce and Hawkins, 
1996).  Developed in 1954, the SCS CN method was used for estimating runoff volumes for 
use in the design of flood control structures.  The equation for determining direct runoff 
using the CN method is as follows (USDA-SCS, 1972): 
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where Q  is direct surface runoff (in),  
P  is total rainfall (in), and 
S  is potential maximum infiltration (in), calculated using the equation below: 
101000 
CN
S  
where CN  is the curve number (0 ≤ CN  ≤ 100).  
The CN is determined using a look-up table based upon the soil-vegetation-landuse (SVL) 
complex, hydrologic condition, antecedent moisture condition, and climate of the watershed. 
The CN method estimates streamflow volume (due to “direct runoff” from a watershed) 
at the basin outlet from a major storm event, without specifying a source area, flow path, or 
distinguishing among streamflow generating processes.  Application of the CN method to 
nonpoint-source water quality models, such as SWAT, has been questioned within the 
hydrologic research community for several reasons (Garen et al., 1999; Garen and Moore, 
2005; Agnew et al., 2006; Bryant et al., 2006).  Garen and Moore (2005) demonstrate that 
application of the CN method to continuous water quality models requires several 
assumptions which extend beyond the conditions for which the method was originally 
developed.  For example, SWAT assumes the CN method is valid at the sub-watershed 
(HRU) scale, although the method was developed for watershed scale analysis.  CN-based 
continuous water quality models also assume that the method is valid for precipitation events 
of any magnitude, when the original purpose of the method was to estimate runoff from a 
single storm event.  Agnew et al. (2006) highlight the inability of the CN method to 
distinguish among runoff-generating processes, specifically saturation excess overland flow 
(Dunne, 1978) and infiltration excess overland flow (i.e., Hortonian overland flow) (Horton, 
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1933), and the inability to identify source areas and flow paths.  They conclude that 
significant model improvements are needed before SWAT can be used for applications such 
as targeting the placement of conservation practices.    
The SWAT model assumes that each HRU responds as a homogeneous unit and 
therefore a single CN is assigned to each HRU based upon: (1) hydrologic soil group; (2) 
land use and treatment classes; (3) hydrologic surface conditions; and (4) antecedent soil 
moisture condition.  The CN is adjusted up or down daily, to account for increasing or 
decreasing soil moisture.  A daily runoff volume is estimated for each HRU and then directly 
routed to the stream, without undergoing interaction between HRUs. This lack of interaction 
between HRUs (i.e., spatial independence) has also resulted in criticism of the SWAT model 
(Bryant et al., 2006).  Instead of allowing pollutant routing between HRUs, nutrient loading 
from each individual HRU is immediately delivered to its respective sub-watershed outlet 
and then routed down the stream network to the watershed outlet.  For example, if HRU_1 is 
managed for corn on corn with heavy fertilizer application and HRU_2, which is positioned 
between HRU_1 and the stream, is enrolled in the Conservation Reserve Program (CRP), 
SWAT does not account for any N or P runoff from HRU_1 that would interact with the 
HRU_2 land surface before reaching the stream.  This assumption of spatial independence 
among HRUs highlights a major shortcoming of the SWAT model in terms of its use for 
targeting the placement of conservation practices. 
After the initial infiltration estimate is made using the CN method, a storage routing 
technique is used to move water from one soil layer to the next.  Percolation (flow) of water 
from one soil layer to the next is governed by the saturated K and field capacity of the soil 
(as derived from soil maps).  Storage routing is performed individually for each HRU.  For 
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watersheds with impermeable layers at shallow depths, unsaturated lateral flow (interflow) is 
calculated using a kinematic storage model developed by Sloan et al. (1983) for each HRU.  
The kinematic storage model simulates subsurface flow (that occurs above the saturated 
zone) in a cross-section along a flow path, assuming that flow is parallel to the impermeable 
boundary and that hydraulic gradient equals the slope of the impermeable boundary.   
More specific to this investigation is the method by which SWAT treats aquifers and 
groundwater flow.  There is no explicit formulation or governing equation for groundwater 
flow in the model.  Instead the model partitions water to a “shallow aquifer” based on user 
defined parameters. The water balance equation for the shallow aquifer is shown below:  
shpumprevapgwshrchrgishish wwQwaqaq ,,1,,    
where ishaq ,  is the amount of water stored in the shallow aquifer on day i (mm water),  
1, ishaq is the amount of water stored in the shallow aquifer on day i-1 (mm water), 
shrchrgw ,  is the amount of recharge entering the shallow aquifer on day i (mm water), 
gwQ  is the groundwater discharge or base flow into the main channel on day i (mm 
water),  
revapw  is the amount of water moving into the soil zone in response to water 
deficiencies on day i (mm water), and 
shpumpw ,  is the amount of water removed from the shallow aquifer by pumping on day 
i (mm water).   
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Required parameters for the SWAT groundwater input file include:  
 SHALLST, ( ishaq , , initial depth of water in the shallow aquifer, mm water); 
 GW-DELAY, (δgw, groundwater delay time, days);  
 ALPHA_BF, (αgw, base flow recession constant, 1/days);  
 GWQMN, (aqshthr,q, threshold depth of water in the shallow aquifer required for 
return flow to occur, mm water);  
 GW_REVAP, (βrev, groundwater “revap” coefficient, unitless);  
 REVAPMN, (aqshthr,rvp, threshold water level in the aquifer for revap, or 
movement of water from the shallow aquifer to the unsaturated zone to occur, 
mm water);  
 RCHRG_DP, (βdeep, deep aquifer percolation coefficient, unitless). 
Although these parameters are assigned for each HRU, they are often held constant 
throughout the watershed.  The SFW and WCSCW SWAT models described in this study 
applied constant groundwater parameter values throughout the watershed.  In practice, 
because groundwater systems are not of primary interest in SWAT and because the 
parameters are not physically based, the source of parameter values is not always clear.  
Although the SWAT manual provides a range of typical values for several of these 
parameters, none of them are directly measureable except for initial depth of water in the 
shallow aquifer ( ishaq , ).  Nevertheless, field observations are not used for developing input 
for the initial depth of water in the shallow aquifer ( ishaq , ).  Instead, the manual recommends 
using a 1 year equilibration period so that the SWAT simulation begins 1 year prior to the 
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period of interest.  This suggests that this parameter is not important if the equilibration 
period is included. 
 Groundwater recharge ( rchrgw ) to both shallow and deep aquifers is calculated daily for 
each HRU using a weighting function based on exponential decay.  This accounts for the 
time delay in recharge to the aquifer once the water has exited the soil profile (δgw).  The 
physical properties that govern this process include depth to the water table and hydraulic 
properties of the vadose zone (pressure head, moisture content, K).  Furthermore, moisture 
content and K (properties that govern unsaturated flow) change as a function of pressure 
head.  The governing equation for unsaturated flow is Richards equation (Richards, 1931).  
Because SWAT’s treatment of groundwater is more conceptual rather than physical, SWAT 
uses the empirical groundwater delay parameter (δgw) in lieu of using measureable properties 
and applying Richards equation.  Groundwater delay is assigned for each HRU based upon 
its geomorphic province (Sangrey et al., 1984); however, there exists no reference map 
distinguishing different geomorphic provinces and their groundwater delay values.  The 
groundwater delay value can range from 1-100 days.  Literature suggests that initial estimates 
of groundwater delay values are made based upon previous studies and that they are used as 
fitting parameters during the calibration process.  SWAT’s use of the groundwater delay 
parameter may be a reasonably simplified approach to modeling the mean water-table 
response to recharge.  However, it seems unlikely that accurate simulation of groundwater 
recharge on a daily time step can be achieved without the use of physical parameters.  
Another concern with SWAT’s approach is the limited documentation of the groundwater 
delay parameter for different geologic regions.  As a result, the groundwater delay value may 
also be adjusted by the modeler to produce the desired calibration to data. 
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 SWAT accounts for groundwater that may move from the shallow aquifer in to the 
overlying unsaturated zone by way of the “revap” threshold parameter (aqshthr,rvp) and the 
groundwater “revap” coefficient (βrev).  The “revap” threshold parameter (aqshthr,rvp) defines 
the minimum depth of water in the shallow aquifer necessary before it can move up into the 
unsaturated zone where it is then available for evaporation.  The “revap” threshold parameter 
(aqshthr,rvp) also defines the minimum depth of water in the shallow aquifer necessary before 
percolation to the deep aquifer can occur.  The groundwater “revap” coefficient (βrev) 
indicates how readily water is able to move from the shallow aquifer to the unsaturated zone.  
The suggested range of values for βrev is between 0.02 and 0.20, with a small value indicating 
restricted movement.  The use of these non-measurable parameters (aqshthr,rvp, βrev) instead of 
physical parameters (pressure head, moisture content, K) is another example of SWAT’s 
conceptual approach to simulating groundwater processes.  Although this may be a 
reasonable simplification for some applications, evaluating alternatives for water quality 
impacts in agricultural watersheds necessitates accurate characterization of the rate and 
distribution of groundwater discharge that delivers nutrients to the stream.  
 Once total recharge (to shallow and deep aquifers) is calculated, it is partitioned 
between the shallow aquifer and deep aquifer based upon the deep aquifer percolation 
coefficient (βdeep).  The deep aquifer percolation coefficient is defined as the fraction of 
percolation from the root zone which recharges the deep aquifer.  Recharge to the deep 
aquifer cannot occur unless the depth of water in the shallow aquifer equals or exceeds the 
“revap” threshold parameter (aqshthr,rvp).  It should be noted that deep aquifer recharge is 
considered lost from the system and never has the opportunity to discharge into the stream.  
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Vertical K and hydraulic gradient govern flow between the shallow and deep aquifer.  
However, SWAT’s deep aquifer percolation coefficient is estimated based upon the 
modeler’s hydrologic knowledge of the watershed and not on knowledge of hydraulic 
parameters or gradients.  The SWAT manual suggests only that the value be between 0.0 and 
1.0.  Thus, the deep aquifer percolation coefficient has no physical basis and its use provides 
the modeler with another tuneable parameter to adjust the hydrologic balance.  Recognizing 
the shortcomings associated with SWAT’s approach to modeling groundwater flow, some 
have made efforts to link SWAT with the USGS MODFLOW finite-difference groundwater 
model (Sophocleous et al., 1999; Sophocleous and Perkins, 2000).  
The equation used in SWAT to calculate actual groundwater discharge is derived from 
the steady-state response of groundwater flow to recharge as described by Hooghoudt (1940).  
Change in water table elevation due to non-steady-state response of groundwater flow to 
periodic recharge is described by Smedema and Rycroft (1983). 
wtbl
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gw hL
KQ  28000  (Hooghoudt, 1940) 


800
, gwshrchrgwtbl Qw
dt
dh
 (Smedema and Rycroft, 1983) 
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where gwQ  is groundwater flow into the main channel on day i (mm water), 
satK  is aquifer hydraulic conductivity (mm/day),  
gwL  is distance from the groundwater divide to the main channel (m), 
wtblh  is water table height (m), 
dt
dhwtbl  is change in water table height with time (mm/day), 
shrchrgw ,  is recharge entering the shallow aquifer on day i (mm water), and 
  is specific yield of the shallow aquifer (m/m). 
Calculation of groundwater discharge (base flow) to the stream assumes that the rate of 
change in groundwater flow is linearly related to the rate of change in the water table 
elevation.  Using this assumption, the equations above are combined and subsequently 
integrated to arrive at the equation below:   


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

 

  tgwshrchrgwtgwigwQigwQ  exp1,exp1,,  
where igwQ , is the groundwater flow into the main channel on day i (mm water),  
1, igwQ  is groundwater flow into the main channel on day i-1 (mm water),  
gw  is the base flow recession constant (1/days),  
t  is the timestep (1 day), and  
shrchrgw ,  is the amount of recharge entering the shallow aquifer on day i (mm water). 
Note that groundwater discharge occurs only when the threshold aquifer depth (aqshthr,q) has 
been exceeded.  The base flow recession constant ( gw ) is a direct index of the groundwater 
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flow response to changes in recharge (Smedema and Rycroft, 1983).  However, use of this 
empirical parameter to estimate daily groundwater discharge is made without consideration 
of the governing physical processes, including K and hydraulic gradient.  The base flow 
recession constant ( gw ) is calculated by SWAT’s base flow estimation program, Filter, but 
it too is often adjusted during the calibration process.  The Filter program is discussed in 
more detail later. 
 
Groundwater Models  
Fully parameterized, deterministic models have been available to simulate groundwater 
flow since the 1970s, when the USGS 2-D and 3-D computer models were developed 
(Huyakorn and Pinder, 1983).  The USGS finite-difference model, MODFLOW, first 
developed in 1984, is the de facto standard for groundwater modeling today (McDonald and 
Harbaugh, 1988).  Application of the analytic element (AE) method to groundwater modeling 
is relatively recent in contrast to finite-difference and finite-element techniques.  Unlike grid-
base methods, the AE method does not require construction of a grid and provides a solution 
for hydraulic head at every point within the model domain, instead of only at the grid nodes.  
Most importantly, the results of AE models are comparable to MODFLOW results (Mitchell-
Bruker and Haitjema, 1996; Hunt et al., 1998).  
A strong point for AE models in watershed studies is their ability to model surface water 
and groundwater conjunctively.  This provides a mechanism to produce a water table map 
and calculate base flow, streamflow, and groundwater travel times via particle tracking.  
Hunt (2006) illustrated the growing application of the AE method to simulation of 
groundwater-surface water interactions at the regional scale (Hunt and Krohelski, 1996; Hunt 
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et al., 2000; Kelson et al., 2002; Anderson, 2003; Hunt et al., 2003; Feinstein et al, 2005; 
Wilsnack et al., 2005; Simpkins, 2006a; etc.).  Haitjema and Bruker (1993) first tested an 
early DOS-based GFLOW model to simulate groundwater and tile flow at the Walnut Creek 
Management System Evaluation Areas (MSEA) site south of Ames. 
A fully distributed, two-dimensional, steady-state, analytic element model, GFLOW 
version 2.1.1 (www.haitjema.com), was used to simulate hydraulic head and groundwater 
flow at the regional scale for the SFW and the WCSCW.  Analytic element models began 
with the work of Otto Strack (Strack, 1989).  They are based on Dupuit-Forcheimer 
assumptions and solve the governing equation for groundwater flow using superposition of 
analytic functions (Haitjema, 1995).  An analytic function is used to represent each 
groundwater feature (i.e. a well), surface water feature (i.e. streams, lakes etc.) and model 
inhomogeneity (i.e. areas of differing K or recharge, etc.).  For example, a stream is 
represented by a linesink or linesink string.  Stream channel elevations, estimated from 
contour maps, are used to specify hydraulic head along the linesinks.  The surface water and 
groundwater solutions are solved conjunctively for each linesink satisfying the stream-
aquifer boundary condition (i.e., Cauchy, Dirichlet, or Neumann).  GFLOW does not 
simulate water quality at present and thus presents a completely different, but deterministic, 
approach to watershed hydrology than does the SWAT model.  GFLOW is also a steady-state 
model and has only limited capabilities to model the transient effects of pumping wells.  
However, as previously mentioned, it solves groundwater and surface water flow 
conjunctively, and solutions can be read into and simulated in MODFLOW. 
The 2-D governing equation used in GFLOW for steady-state, confined flow for a 
homogenous, isotropic aquifer with recharge is:  
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  (Freeze and Cherry, 1979) 
where h = hydraulic head (ft), 
R = recharge (ft/day), and  
T = transmissivity = K (K) * b (thickness or h), (ft2/day). 
This linear partial differential equation was derived by combining Darcy’s Law and the 
Continuity Equation and invoking the Dupuit-Forcheimer assumptions of horizontal 
groundwater flow for a thin (single layer) aquifer relative to an “infinite” extent (Freeze and 
Cherry, 1979).  During model calibration, K (or T) and recharge (R) are the dependent 
variables and the parameters of interest for solving the equation.  The model is calibrated to 
the independent variables of hydraulic head and stream base flow. 
The two dependent variables (R and T) in GFLOW’s governing equation lead to a 
parsimonious approach to modeling, as opposed to the seven groundwater parameters 
required by the SWAT model.  The limited number of dependent variables make 
groundwater models such as GFLOW particularly well-suited to application of automated 
parameter estimation techniques and are more robust in terms of uniqueness issues, as 
discussed in the Model Calibration section.  
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METHODS 
Piezometer Installation 
In August and October 2005, eleven piezometer nests were installed throughout the 
SFW for monthly hydraulic head (water table) measurement, documentation of vertical 
hydraulic gradients, and to provide targets for model calibration (Figure 3; Table 1).  Twenty 
four piezometers were installed at 12 sites located in upland areas near topographic divides 
throughout the watershed.  A USGS SIMCO-2800 drilling rig was used to install 20 
piezometers in nests of two, one nest of three piezometers, and a single piezometer installed 
in an alluvial terrace.  Piezometers were constructed of 5.0 cm (2.0 in) diameter, schedule 40 
PVC with 0.61 m (2.0 ft) screen lengths and 0.05 cm (0.02 in) slot size.  Piezometers were 
installed using a hollow stem auger and a continuous sampler for collection of sediment 
cores.  Shallow piezometers were screened at the contact between the Morgan and Alden 
Members, whereas the deeper piezometers were screened several feet below the contact, 
within the Alden Member (Figure 11).  A GPS survey, conducted by Kevin Cole (USDA-
ARS) provided top of casing elevations with a vertical accuracy of ± 1 cm.  Geologic 
description of the sediment cores was performed with the assistance of Deb Quade of the 
Iowa Geological Survey.  Geologic logs and well construction diagrams are shown in 
Appendices A and B .  
 
Hydraulic Conductivity 
Slug tests to determine K in the SFW were conducted in July and August of 2006.  Head 
displacement in the piezometers was induced using a 2.5-cm- (1.0 in) diameter, solid PVC 
slug.  The length of the slug used was chosen based on the height of the static water column; 
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lengths ranged from 0.6 m (2 ft) to 3 m (10 ft).  Values of K based on both falling and rising 
head tests were analyzed using the Hvorslev solution (Hvorslev, 1951; Fetter, 2001) in 
AQTESOLV (v3.5) (Figure 10)  Unsaturated flow conditions present at several piezometers 
disqualified their results and time constraints prevented the collection of rising head tests at 
each piezometer.  Piezometer E20 did not have enough water to conduct slug tests.  These 
circumstances are noted in the results table by ‘ND’, indicating no data (Table 2).  Based on 
thirteen values, the geometric mean K for the Morgan Member was 2 ×10-7 m/s (6×10-2 ft/d) 
and 2 ×10-9 m/s (7 ×10-4 ft/d) for the Alden Member, based on four values (Table 2).  The 
resulting K values are comparable to those found in previous studies (Simpkins and Parkin, 
1993; Seo, 1996; Simpkins, 2006a). 
 
Model Construction 
General Characteristics 
Binary base map (BBM) files for the South Fork watershed and the Walnut Creek-
Squaw Creek watershed model domains were obtained from the United States Environmental 
Protection Agency (EPA) website (US EPA, 2005) and imported into GFLOW.  A new 
database for each watershed model was created using the BBM files, projected in NAD 27, 
which display 15 minute quadrangle map information including hydrology, roads and 
railroads. 
Stream segments were represented in each model using linesink elements, which were 
created by digitizing the BBM hydrography coverages and defining the starting and ending 
hydraulic head for each element.  Topographic coverages at 1:24,000 scale from the Iowa 
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Geographic Map Server (Iowa State University, 2005) were used to determine stream 
channel elevations and specify hydraulic head along stream linesinks.   
Linesink elements require width, depth and resistance parameter values for each stream 
segment. The width parameter describes the width of the “effective leakage zone” and is 
automatically calculated by the solver when the linesink is defined along the stream center 
line.  Linesink depth is defined as “….the approximate distance between the surface water 
elevation and the bottom of the resistance layer” underlying the stream.  Resistance describes 
the time it takes water to flow through the streambed, due to the presence of a fine-grained, 
low permeability layer, or a resistance layer (Haitjema, 1995; Haitjema, 2006).  It is 
calculated by dividing the thickness of the resistance layer (between the surface water feature 
and the aquifer) by the mean vertical K of the resistance layer, as shown in the following 
equation:   
vK
c    (Haitjema, 1995) 
where c  is resistance (days),  
  is the thickness of the resistance layer (ft), and  
vK  is vertical conductivity (ft/d).   
Soil and surficial geology GIS coverages for each model domain were imported into 
GFLOW as shapefiles.  Many of these coverages were defined with the NAD 83 projection 
and had to be reprojected to NAD 27 before being imported into GFLOW.  Geologic and soil 
features were used to identify model inhomogeneities.  Slug test data and results from 
previous modeling studies done in Iowa were considered when assigning initial global K 
values and those for inhomogeneities.  Additional model input parameters include base 
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elevation, aquifer thickness, porosity, and recharge (R).  Digital Elevation Models (DEMs) 
were available for both watersheds at 30-m resolution to estimate aquifer thickness and base 
elevation values.  The aquifer thickness value controls the thickness of the saturated zone and 
its height above the base elevation.  Because GFLOW simulates confined conditions, aquifer 
thickness is assigned a large value in order to ensure model simulations maintain unconfined 
conditions.  Porosity values were not necessary for this model, as particle tracking was not 
performed as part of this study.  Initial R values were assigned based upon previous modeling 
studies in Iowa (Fowle, 2003; Simpkins, 2006a; W.W. Simpkins, verbal communication, 
2006b; Simpkins and Christianson, 2007).  Research indicating annual groundwater recharge 
values in the Midwest region range from 10 to 25 percent of mean annual precipitation 
(Stoertz and Bradbury, 1989; Delin et al., 2007).  
One of the major obstacles to comparing the SWAT and GFLOW models is that the 
former is essentially a transient model, while the latter GFLOW is a steady-state model.  The 
comparison was accomplished by annualizing the daily SWAT model output and 
determining the mean annual results over a simulation period common to the two models.  
For the SFW, results from the SWAT validation period (1999-2004) were contrasted with 
GFLOW steady-state results for the 1997 to 2006 WY period.  Base flow data from the 
USGS gage (05451210) were available for the entire GFLOW simulation period; however, 
base flow data for gages SF400 and BC350 were only available for the 2002 WY-2005 WY 
period, while base flow data for TC325 was available for the 2001 WY-2005 WY period.  
Hydraulic head observations were only available for the 2006 WY.  The mean annual 
precipitation for the SFW SWAT validation period (1999-2004) and for the GFLOW 
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simulation period (1997 to 2006 WY) was 35.63 in (905 mm) and 37.68 in (957 mm), 
respectively.  Annual precipitation for the 2006 WY was 34.37 in (873 mm). 
A similar approach was used for the WCSCW.  Mean annual results from SWAT for the 
1998-2004 period were compared to the GFLOW steady-state solution for the 1996 to 2005 
WY period.  Mean annual precipitation during the SWAT model simulation period (1998-
2004) was 26.34 in (669 mm) and mean annual precipitation for the GFLOW simulation 
period (1996 to 2005 WY) was 27.26 in (692 mm).  Hydraulic head observations from the 
Old Transect wells made during the 1997 WY were used for model calibration, during which 
the annual precipitation was 25.62 in (651 mm).  Hydraulic head observations from Cabbage 
and Riparian Transect wells during the 2002 to 2004 WY period were used for model 
calibration.  Mean annual precipitation during this period was 26.26 in (667 mm).   
 
South Fork Watershed 
The South Fork model domain was defined initially by centering on the watershed of 
interest and expanding the area to include any adjacent watersheds.  Construction of a larger 
model domain ensures the inclusion of all significant hydrologic boundaries likely to 
influence the watershed of interest.  The focus area, or near-field, of the South Fork model 
consists of Tipton Creek, Beaver Creek and the South Fork of the Iowa River and is 218,000 
ha (539,000 acres) in area.  The far-field model area is 532,000 ha (1,316,000 acres), 
resulting in a total model area of 750,000 ha (1,855,000 acres) (Figure 13).  Although most 
stream linesink elements were created by digitizing perennial streams from the 1:24,000-
scale topographic maps, more detailed stream coverage data for the SFW was provided by 
David James with NLAE (D. James, written communication, 2005).  The detailed coverage is 
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more representative of the watershed’s current hydrology, which is heavily-influenced by tile 
drainage.  Several drainage ditches that carry water most of the year are included in the 
NLAE coverage, but are represented as ephemeral streams on the 1:24,000-scale topographic 
maps.  
GFLOW stream “width” values ranging from 5 to 30 ft (1.5 to 9.1 meters), as calculated 
by the model, were specified for all near-field linesinks.  Due to the low K of the till, alluvial 
silts and sands present in the streambed do not act as a low permeability layer  limiting 
vertical flow between the till and glacial outwash.  Therefore a resistance of 0 days was 
specified for near-field linesinks.  This approach has been used for other modeling studies 
within the Des Moines Lobe (Fowle, 2003; Simpkins, 2006a; Simpkins and Christianson, 
2007). 
Coverages of surficial geology and soils in Hardin and Hamilton Counties were 
obtained from Deb Quade with the Iowa Geological Survey (D.J. Quade, written 
communication, 2005).  Coverages of drainage district tile lines for Hamilton, Hardin and 
Franklin counties were accessed from the Natural Resources Geographic Information 
Systems (NRGIS) Library at the Iowa  Department of Natural Resources (IDNR) (IDNR, 
2005) (Figure 12).  All coverages were imported as shapefiles into GFLOW.  Distribution of 
moraines, alluvial deposits, bedrock outcrops, and drainage tile density were considered 
when identifying and assigning model inhomogeneities. 
A base elevation of 244 m (800 ft) above mean sea level and a thickness of 183 m (600 
ft) were defined for the model.  Inhomogeneities identified in the model include alluvium 
along the South Fork and the mouths of Tipton and Beaver Creek, referred to as the alluvial 
inhomogeneity, and an area occurring along the eastern boundary of the SFW characterized 
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by a decreased density of tile drainage (here referred to as the ETD inhomogeneity).  
Parameter values such as K and R were defined for each inhomogeneity.  Outwash in the 
upper reaches of Tipton and Beaver Creek was not included in the alluvial inhomogeneity. 
Initial K values chosen for the model were based upon previous modeling in the region; 
(Table 3) these values are higher than K estimates from slug tests in this study.  This may be 
due to the scale dependence of K, the vertical averaging of units of differing K, and the 
presence of tile drainage.  Previous studies have shown that as the area over which a 
parameter is measured increases, the observed parameter value also increases due to greater 
heterogeneity encountered (Bradbury and Muldoon, 1990; Bruner and Lutenegger, 1994).  
Thus, K values determined from slug tests often underestimate K at a regional model scale.  
Heterogeneities could include geologic features such as sand lenses and in the case of the 
SFW, the presence of tile drains.  Haitjema et al. (1993) demonstrated that tile drains can be 
modeled indirectly by treating them as features or heterogeneities that contribute to increased 
K.  This is discussed in greater detail in the results section.  Global K in the initial model was 
specified as 0.92 m/d (3 ft/d).  The ETD inhomogeneity was assigned a K value of 0.15 m/d 
(0.5 ft/d) and the alluvial inhomogeneity was assigned a K value of 61 m/d (200 ft/d). 
Recharge (R) was initially specified as 3.35×10-4 m/d (4.82 in/yr) over the entire model 
domain - about 14 percent of annual precipitation during the period of hydraulic head 
observation (2006 WY).  This value is comparable to those used in other AE models 
developed for the Des Moines Lobe (Fowle, 2003; Simpkins, 2006a; W.W. Simpkins, verbal 
communication, 2006b; Simpkins and Christianson, 2007).  Owing to its ability to allow 
more recharge, an initial R of 0.00064 m/d (9.2 in/yr) was specified for the alluvial 
inhomogeneity.  The South Fork GFLOW model consisted of 1072 linesinks and 125 
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inhomogeneity elements; approximately 1338 equations were solved simultaneously during 
model simulation. 
The mean hydraulic head for WY 2006 based on monthly hydraulic head measurements 
was used for steady-state model calibration.  Hydraulic head measurements from piezometer 
nest E20/E26 were consistently outside the range of calibration and were eventually omitted 
from the analysis.  GFLOW consistently underestimated hydraulic head at this location, most 
likely due to the piezometers’ unique position high on the landscape (90 ft or 27 m above the 
surrounding area) and proximity to Tipton Creek (2,100 ft or 640 m).  The geologic 
description of this site indicates a very thick sequence (27 ft or 8.2 m) with significant 
textural variability, identified as Morgan Member and possibly occurrence of the Pilot Knob 
Member, suggesting that piezometers E20 and E26 are located on a kame.  GFLOW was 
unable to reproduce the sharp hydraulic gradient from the creek to the hill, suggesting that 
hydraulic heads at piezometers E20 and E26 may represent a perched water table.  A 
summary of hydraulic head measurements used for model calibration is shown in Appendix 
C.   
 
Walnut Creek and Squaw Creek Watershed 
The WCSCW model domain was also defined by centering on the watershed of interest 
and expanding the area to ensure inclusion of all significant hydrologic boundaries.  The 
near-field area constructed for the WCSCW model consists of Walnut Creek and Squaw 
Creek and totals approximately 24,000 ha (60,000 acres) in extent.  The WCSCW far-field 
area includes reaches of the South Skunk River, Mud Creek, Camp Creek, Prairie Creek and 
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Calhoun Creek and covers nearly 35,000 ha (86,000 acres).  The total model area is 
approximately 59,000 ha (146,000 acres) (Figure 14).   
Stream width values ranging from 1 to 20 ft (0.3 to 6.1 m) (calculated by the solver) 
were defined for all near-field linesinks.  A resistance of 0 days was specified for near-field 
linesinks due to the low permeability of the loess and till aquifer material, (see earlier section 
for discussion). Soil and surficial geology GIS coverages for the Walnut Creek-Squaw Creek 
model area were accessed from the IDNR NRGIS Library (IDNR, 2005) and imported into 
GFLOW as shapefiles.  Mapped alluvial deposits were used to identify map inhomogeneities 
in the model. 
A base elevation of 183 m (600 ft) above mean sea level and a thickness of 152 m (500 
ft) were defined for the model.  Inhomogeneities identified in the model include alluvium 
along Walnut Creek and Squaw Creek.  Initial K values specified in the WCSCW model 
were also higher than those reported from slug tests conducted in earlier studies: global K 
was specified as 0.12 m/d (0.4 ft/d).  The alluvial inhomogeneities were assigned a K value 
of 2.74 m/d (9 ft/d).  
An initial R value for the entire model domain of 2.8×10-4 m/d (4.03 in/yr) was 
specified.  This value is approximately 15.5 percent of mean annual precipitation during the 
period of hydraulic head observation (1997 WY, 2002-2004 WY).  An initial R value of 
4.63×10-4 m/d (6.66 in/yr) was specified for the two alluvial inhomogeneities (Table 4).  The 
WCSCW GFLOW model consisted of 1130 linesinks, 55 inhomogeneity elements, and 
approximately 1228 equations. 
The timing of hydraulic head measurements varied among the different well nests in the 
WCSCW.  Daily water table (hydraulic head) measurements at the Old Transect wells were 
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made from 1996 to early 2000 (Schilling and Thompson, 1999).  Weekly to biweekly 
hydraulic head measurements were made at the Riparian Transect wells from 2001 through 
2004 (Schilling et. al, 2004).  Hydraulic head measurements at the Cabbage wells were made 
approximately once every 3 weeks from mid-2001 through 2004 (Weisbrod, 2005).  Because 
of these asynchronous data, the mean hydraulic head values reported by Schilling and Wolter 
(2001) for the 1997 WY at the Old Transect wells and the mean hydraulic head for the 2002-
2004 WY period for the Cabbage wells and the Riparian Transect wells were used for model 
calibration. The period of record for model calibration at the Old Transect wells was chosen 
because the precipitation record for WY 1997 was similar to the precipitation record for WY 
2002-2004.  A summary of hydraulic head measurements is shown in Appendix C. 
 
Estimation of Base Flow  
Base flow is defined as the groundwater contribution to streamflow and is an important 
component of the water budget in a watershed (Winter et al., 1998; Alley et al., 1999).  Base 
flow can be estimated by direct calculation of groundwater discharge using Darcy’s Law, or 
by estimating the non-overland flow contribution that can be “separated” from the stream 
discharge hydrograph (Winter et al., 1998).  In addition to calibration to hydraulic heads, 
estimates of base flow are necessary for calibration of water flux in groundwater flow models 
(Hunt et al. 2006).  In contrast, streamflow-based models such as SWAT utilize base flow 
recession parameters as model input and do not calculate groundwater discharge directly 
using Darcy’s Law.  Independent estimates of base flow can be used for calibration of 
streamflow-based models (as they are commonly for groundwater flow models) but they are 
often not used for calibration. 
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Numerous methods for the separation of base flow from total stream discharge have 
been developed.  Stewart et al. (2007) discuss three general categories: (1) one-dimensional 
solutions to the Boussinesq equation; (2) analytical low-pass filter methods (not based on 
physical stream processes); and (3) a mass-balance method.  The base flow separation 
methods used for the models in this study are within group (2) – analytical low-pass filter 
methods.  It is useful to note that although these techniques have been moderately successful 
in separating streamflow into surface runoff and base flow for a wide range of watersheds, a 
method to separate tile flow from (groundwater) base flow has not been developed.  
Nevertheless, traditional base flow separation methods are applied regularly in tile-drained 
watersheds, resulting in the lumping of tile flow and groundwater flow into base flow. 
 
SWAT Model 
The automated base flow separation and recession analysis program used by SWAT, 
herein referred to as Filter, applies a recursive digital filter method to separate base flow from 
daily total stream discharge (Arnold et al., 1995).  Filter has its origin in signal analysis and 
processing.  When applied to streamflow hydrographs, the digital filter separates surface 
runoff (high frequency signals) from base flow (low frequency signals).  Up to three filter 
passes of the streamflow data can be performed, with the estimated base flow value 
decreasing with every pass.  Arnold et al. (1995) compared results from this technique to 
those from the PART model (Rutledge, 1993), an automated Boussinesq-based method. as 
well as published values obtained using manual base flow separation techniques.  They 
concluded that the two automated methods, Filter and PART, produced similar results and 
both were equally accurate in predicting the manually-separated base flow values. 
41 
 
When the base flow separation is complete, Filter performs a base flow recession 
analysis.  A single, or  mean , base flow recession curve is estimated for the watershed using 
a Master Recession Curve (MRC) technique termed the “matching strip” method.  Using the 
daily base flow values (as estimated using the digital recursive filter method), the automated 
MRC technique begins by identifying the beginning of each base flow recession, which is 
assumed to be when surface runoff ends.  The beginning of each base flow recession is 
estimated at the point where the first filter pass base flow estimate rejoins the hydrograph 
(Figure 15).  The program then identifies winter base flow recession segments lasting longer 
than 10 days to use in compiling the MRC.  The smallest value of the base flow recession 
(decay) constant (αgw) for the MRC is based upon the exponential decay function, 
t
t eQQ
 0 , and used to characterize the watershed.  The base flow alpha factor (αgw) is a 
parameter used in SWAT for calculating groundwater discharge; however, (αgw) is often 
adjusted or “tuned” during calibration. 
In addition to estimating base flow, the version SWAT-M (Du et al., 2005) used in the 
South Fork simulations estimates water table height for each HRU by establishing a 
restrictive soil layer at the bottom of the soil profile that represents the lowest water table 
elevation.  The soil profile is then allowed to fill to field capacity from the bottom up, 
beginning with the layer above the restrictive layer.  Total porosity for each soil layer in a 
defined HRU is calculated using the following equation:  
65.21 bdpor   
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where por  is total porosity (unitless), and 
bd  is bulk density (Mg/ m3); particle density is assumed to be 2.65 Mg/m3.  
Saturation of each soil layer occurs when water fills all the soil pores except those filled with 
air, (before total porosity is reached) and is calculated according to the following equation:  
  airllll vfcporfcsat *  
where lsat  is the soil water saturation in layer l (mm),  
lfc  is the field capacity (mm), 
lpor  is the soil porosity (mm), and  
airv  is the fraction of total pore volume filled with air (unitless).   
The water table height is calculated in the layer that does not exceed saturation and is located 
immediately above a saturated layer according to the following equation: 
  airll
ll
l vfcpor
fcswwt
*
  
where lwt  is the height of the water table above the base of layer l (mm), and  
lsw  is the soil water content (mm water).   
Figure 16 illustrates the calculation of water table height as performed by SWAT-M.  In this 
example the initial soil water content of layer 3 is 120 mm and layer 4 is 180 mm. Following 
rainfall, 25 mm of water percolated from layer 2 to layer 3 and 15 mm of water is available to 
percolate from layer 3 to layer 4, based on the soil routing equation used by SWAT.  Layer 4 
reaches saturation at 190 mm, therefore only 10 mm of water is able to percolate from layer 3 
to layer 4 and 5 mm remains in layer 3.  This results in a final soil water content in layer 3 of 
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135 mm, which is below saturation (140 mm), therefore the water table height above the 
restricted layer is computed. 
Tile flow then occurs when the height of the water table exceeds the height of the tile 
drain.  The volume of tile flow is calculated using the equation: 
  






drain
tilewtwtr t
hhtile 24exp1*  
where wtrtile  is the amount of water removed from the layer by tile drainage on a given 
day (mm water),  
wth is the water table height above the impermeable layer (mm),  
tileh  is the tile height above the impermeable layer (mm), and  
draint  is the time required to drain the soil to field capacity (hrs). 
 
GFLOW Model 
Because GFLOW does not have an associated base flow separation routine, the Base 
Flow Index (BFI, version 4.12)(Wahl and Wahl, 1995) was used to quantify groundwater 
discharge to the streams.  BFI is an analytical low-pass filter-type separation method 
developed using the Institute of Hydrology procedures and has been successfully applied in 
examining trends in base flow over long periods of time (T.L. Wahl, written communication, 
2006).  It uses a smoothed minima technique (Nathan and McMahon, 1990).  Two 
parameters, f (the turning point test factor or just “turning point”) and N (number of days), 
may be adjusted in the program to better represent each watershed.  Wahl and Wahl (1995) 
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indicate that a default value of 0.9 for the turning point is appropriate for most applications; 
therefore, only the N-day increment parameter need be adjusted to estimate the base flow. 
The initial step in the BFI program is to divide the water year into N day increments 
(where N is any number between 1 and 10) and identify the minimum flow during each 
increment.  Minimum flow values are compared to adjacent minimum flow values to 
determine turning points on the base flow hydrograph.  A turning point is identified if 90 
percent of a given minimum base flow value is less than both adjacent minimum values.  
Connecting straight lines between turning points on semi-logarithmic paper defines the base 
flow hydrograph.  The area beneath the base flow hydrograph is an estimate of the volume of 
base flow for the entire period.  The base flow index (BFI) is defined as the ratio of the total 
base flow volume to the total streamflow volume for the entire period.  In order to identify 
the increment (the value of N) to be used for selection of minimum flow, the BFI program 
must be run separately for each value of N (from N=0 days to N=10 days).  Resulting base 
flow index values are then plotted versus the N-value and the point of slope change identifies 
the appropriate N-value for analysis. 
 
Model Calibration 
SWAT Model 
As discussed by Gassman et al. (2007), published calibration procedures for SWAT 
modeling range from basic manual calibration techniques to include sensitivity analysis 
(Santhi et al., 2001; White and Chaubey. 2005) and more recently to automated calibration-
parameter estimation (van Griensven and Bauwens, 2003, 2005; Van Liew et al., 2007) and 
uncertainty analysis (Muletta and Nicklow, 2005; Shirmohammadi et al., 2006).  The SWAT 
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models presented in the present study were calibrated manually.  Calibration is based 
typically on a single set of discharge observations made at one stream gage at the watershed 
outlet.  Calibration of surface runoff and base flow can be done individually, and base flow 
includes both lateral subsurface (unsaturated) flow and groundwater discharge.  During 
SWAT-M simulations that include the tile drainage routine, base flow also includes tile flow.  
The SFW SWAT model was calibrated independently to base flow.  However, the WCW and 
SCW SWAT models were calibrated only to total streamflow and were not calibrated 
independently to base flow. 
Evaluation of SWAT model performance typically involves two parts: 1) model 
calibration using a selected portion of the data record; and 2) testing the performance of the 
calibrated model using a selected portion of the data record that was not used during 
calibration, also known as validation or verification (Singh, 1995).  Calibration often uses 
data from an earlier portion of the streamflow time-series record and validation uses a later 
portion of the data record.  This is similar to usage of the terms calibration and validation in 
groundwater modeling (Anderson and Woessner, 1992).  The model parameters are adjusted 
during calibration to achieve the best model fit and validated using an independent data 
record without additional parameter adjustment (Singh, 1995).  Due to the extensive data 
requirements necessary for groundwater model calibration (hydraulic head as well as 
groundwater discharge observations) and the general paucity of that data, validation of 
groundwater models is not performed routinely.  In addition, the groundwater community has 
generally abandoned the terms “validate” and “verify” because they connote an aura of truth 
that is misleading to the general public (Bredehoft and Konikow, 1993; Oreskes et al., 1994).   
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SWAT model calibration and validation results are often presented for mean daily, 
monthly, and annual flow, with long-term means indicating the best model fit.  Common 
statistical parameters used to evaluate SWAT model calibration include the coefficient of 
determination (r2) and the Nash-Sutcliffe Efficiency value (ENS) (Nash and Sutcliffe, 1970).  
The coefficient of determination is an indicator of strength of relationship between observed 
and simulated values and is calculated using the following equation: 
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where n is the number of observations,  
Oi is the ith observation value,  
Pi is the ith predicted (simulated) value,  
O  is the arithmetic mean of the observed values, and  
P  is the arithmetic mean of the predicted values.   
Nash-Sutcliffe Efficiency (ENS) indicates how well the plot of observed versus simulated 
values fits a 1:1 line and provides a measure of how well the model is able to replicate 
individually observed values.  ENS is calculated using the following equation (same 
parameters as above): 
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Use of standard values for ENS and r2 to define “good” model performance is not evident 
throughout the literature.  Santhi et al. (2001) used a criteria of ENS > 0.5 and r2 > 0.6, while 
47 
 
Chung et al. (1999, 2002) considered ENS > 0.3 and r2 > 0.5 to indicate good model results.  
Green et al. (2006) used ENS > 0.4 and r2 > 0.5 for evaluating good vs. bad model 
performance.   
 
GFLOW Model 
Statistical parameters most often used to evaluate groundwater model calibration are 
Mean Absolute Difference (MAD) and the Root Mean Squared (RMS) error (Anderson and 
Woessner, 1992).  The MAD (also known as the mean absolute error, MAE) describes the 
mean of the absolute differences between measured and simulated values.  The RMS error 
(or standard deviation) is defined as the mean of the squared differences between measured 
and simulated values.  They are calculated according to the following equations: 
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where n  is the number of observations, 
mh  is the measured (observed) value, and  
sh is the simulated (predicted) value. 
 In contrast to SWAT model calibration, which is based upon discharge measurements 
alone, groundwater model calibration may utilize multiple hydraulic head, groundwater 
discharge, and lake stage measurements as calibration targets.  Furthermore, SWAT 
calibration typically uses a single discharge measurement at the watershed outlet, whereas 
groundwater models use multiple discharge targets.  This is important because when 
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measurements of hydraulic head, and measurements of flux (base flow or stream discharge) 
are available for use as calibration targets, automated calibration methods can overcome 
parameter correlation (i.e., between K and R) and better estimate unique model parameters 
(Poeter and Hill, 1997; Hunt et al., 2006).  Through the use of calibration targets (called test 
points in GFLOW), comparison of simulated and observed values can be made in order to 
evaluate the ability of the model to reproduce observations.  For GFLOW, test points must be 
located in the near-field and may consist of hydraulic heads, fluxes (base flow), or lake 
stages.  For steady-state simulations, mean hydraulic head and base flow values are estimated 
and assigned to test points.  Trial and error calibration is accomplished through manually 
adjusting K and R in order to minimize the differences between simulated and observed 
values.  Parameter estimation may begin when these differences, referred to as residuals, are 
minimized through trial and error calibration.  
A newer development in groundwater modeling is the widespread application of 
automated parameter estimation techniques (Poeter and Hill, 1997; Doherty, 2004).  
Automated parameter estimation programs produce optimized model parameter values which 
provide the best fit between simulated model output and observed values, a measure of 
uncertainty in estimates of model parameters, and assessment of parameter correlation.  The 
Model-Independent Parameter Estimation program PEST (Doherty, 2004) was used in this 
analysis.  It is a nonlinear estimation method that uses the Gauss-Marquardt-Levenberg 
algorithm to minimize an objective function.  The objective function subject to minimization 
is defined as  
     bfcWbfc T   
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where c  is a vector  1N  of calibration targets,  
b  is a vector  1M  of model parameters,  
W  is a diagonal weight matrix  MN  , and  
f  is the nonlinear model.   
The algorithm minimizes the objective function (Ф), by identifying the optimal parameter set 
(b ) that provides the best fit between simulated (  bf ) and measured ( c ) values.  PEST is 
integrated into GFLOW version 2.1.1 such that input files for the parameter estimation 
program are constructed automatically and the program is executed within the GFLOW GUI 
window. 
A PEST simulation requires three input files; a template file, an instruction file and an 
input control file.  It is within the input control file (.pst) that initial, minimum and maximum 
values for each of the (K and R) parameters undergoing estimation are specified, as well as 
the observed values and control variables which signify termination of the parameter 
optimization process.  Within the input control file, weights are assigned to calibration 
targets (observed values) based on the confidence in the measurement.  Therefore 
observations with a relatively large standard deviation are assigned a smaller weight than 
observations with a relatively small standard deviation.  Head targets used for both the SFW 
and WCSCW models used were given a weight of 1.0, and the flux (base flow) targets for 
both models were assigned a weight of 1×10-4.  NOPTMAX, the maximum number of 
optimization iterations was defined as 10 for both the SFW and WCSCW models.  The 
program will terminate after it has reached the maximum number of iterations.  PEST 
termination can also occur if one of the two following conditions are met: (1) within a 
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specified number of optimization iterations (NPHISTP), the difference between the value of 
the objective function at the end of the i’th optimization iteration and the value of the 
minimum objective function achieved to date, expressed as a fraction of the objective 
function at the end of the i’th optimization iteration, is less than or equal to a user specified 
value (PHIREDSTP), or as described in the following expression:  
  PHIREDSTPii  min  
where i  is the objective function at the end of the i’th optimization iteration, and  
min  is the minimum objective function achieved to date,  
or (2) a user specified number of optimization iterations (NPHINORED) have elapsed since 
the minimum objective function was achieved.  Values for NPHISTP, PHIREDSTP and 
NPHINORED were defined in both the SFW and WCSCW models using their respective 
default values: 3, 0.01 and 3. 
PEST output includes statistics useful in evaluating the significance of the calibration, 
including parameter sensitivities and correlation coefficients.  These statistics provide the 
ability to: (1) identify model areas with inadequate data and parameters that may be difficult 
to estimate; (2) evaluate uniqueness of estimated parameter values; (3) evaluate the model 
representation of actual processes; and (4) quantify the uncertainty of model simulated values 
(Poeter and Hill, 1997). 
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RESULTS AND DISCUSSION 
Base Flow Separation 
South Fork Watershed 
Base flow separation for the SWAT model simulation period was completed by Green 
et al. (2006).  However, in order to compare results from the SWAT base flow separation 
program and that used for the GFLOW model, the Filter program was used to estimate base 
flow for the 1996-2005 calendar year record.  Daily stream discharge values for the South 
Fork Iowa River USGS gaging station northeast of New Providence (05451210) were 
obtained from the USGS National Water Information System (NWIS) website (USGS, 
2006a) for input to the Filter base flow separation program.  The Filter program used in the 
present study produced estimates of daily base flow for 1, 2, and 3 passes of the filter.  
Results from the first pass were used for the SWAT model (M.D. Tomer, written 
communication, 2006b).  Additional output provided by the program includes: 1) base flow 
fraction estimates, defined as the fraction of streamflow comprised of base flow; 2) the 
number of individual recessions (NPR) used to compile the master recession curve; 3) the 
base flow recession constant (αgw); and 4) base flow days (BFD), defined as the number of 
days before the base flow decreases one log cycle.  The Filter results for the SFW include a 
base flow fraction of 0.65, 4 individual recessions (NPR), a base flow recession constant 
(αgw) equal to 0.018, and base flow days (BFD) equal to 56.0.  Table 5 provides a comparison 
of the Filter program output parameters and the BFI program output parameters for all gages 
used in both the SFW and WCSCW models. 
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For the GFLOW model, daily stream discharge values for the USGS New Providence 
gaging station (05451210) (USGS, 2006a) were used as input to the BFI program, in addition 
to daily stream discharge data from the NLAE gaging stations (BC350, TC325 and SF400; 
obtained from M.D. Tomer, (written communication, 2006a).  As mentioned earlier, the 
SF450 discharge record was not used for model calibration because both the USGS gage 
(05451210) discharge record and the NLAE SF450 discharge record utilize the same stage 
gage and the USGS gage record provided a longer period of record.  Plots of the relationship 
between BFI and N value (for the appropriate N value determination) for each of the SFW 
gaging stations are shown in Figures 17-20. 
 An N value of 2 was chosen for each of the gaging stations because the slope of the 
regression changes at N = 2 for most years.  This resulted in a BFI of 0.584 at the USGS 
gaging station (10-year mean), 0.556 at SF400 (4-year mean), 0.543 at BC350 (4-year mean), 
and 0.584 at TC325 (5-year mean) (Table 5).  The estimated BFI at the USGS gaging station 
(0.584) suggested a decreased base flow contribution compared to that estimated by the Filter 
program (0.65). 
 
Walnut Creek and Squaw Creek Watershed 
Base flow separation for the SWAT model was performed by Calvin Wolter (Iowa 
Geological Survey) and Manoj Jha (Center for Agricultural and Rural Development).  In 
order to facilitate a comparison of the Filter and BFI results, daily stream discharge values 
for the USGS gaging stations located at the outlet of the WCW near Vandalia (USGS gage 
05487550; WNT2) (USGS, 2006d) and at the outlet of the SCW near Colfax (USGS gage 
05471040; SQW2) (USGS, 2006b) were used as input to the Filter program.  The Filter 
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program produced estimates of daily base flow for one, two, and three passes .  Results from 
the first pass for the WCW showed a base flow fraction of 0.61, 3 individual recessions 
(NPR), a base flow recession constant (αgw) of 0.029, and the base flow days (BFD) equal to 
35.1.  Results for the same parameters for the SCW were, 0.66, 9, 0.006, and 165.4, 
respectively (Table 5).  The significant difference between the Filter results for the WCW 
and the SCW is likely a result of the greater number of recessions used in the Squaw Creek 
recession analysis (NPR=9).  It is possible that some recessions selected during the analysis 
do not accurately characterize the “limbs” of the base flow recession. 
For the GFLOW model, daily discharge records downloaded from the USGS NWIS 
website for all three of the WCSCW USGS gaging stations, (WNT1, WNT2 and SQW2), 
provided input for the BFI program (USGS, 2006b; USGS, 2006c; USGS, 2006d).  Plots of 
the relationship between BFI and N value, (for the appropriate N-value determination), for 
the three gaging stations are shown in Figures 21-23.   
Based upon the apparent change in slope at N=2, an N value of 2 was chosen for the 
base flow separation analysis.  The resulting base flow index (BFI) values for the three gages 
were 0.600 for WNT1, 0.528 for WNT2 and 0.590 for SQW2.  The BFI results for WNT2 
(0.528) and SQW2 (0.590) are slightly less, but comparable to the Filter estimates of base 
flow fraction (0.61 and 0.66, respectively).  The BFI results for all of the SFW and WCSCW 
gages are similar to each other (Table 5).  This similarity among BFI results for the 
intensively tile drained SFW and the WCSCW, which has limited tile drainage, suggests that 
the BFI method is not sensitive to the pathway by which subsurface flows are contributed to 
the stream. 
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Model Results 
South Fork Watershed 
SWAT Model 
Simulation of daily streamflow from 1995-2004 for the South Fork watershed was 
performed by Green et al. (2006), using SWAT2005 with the modified tile-drainage routine 
(SWAT-M) as described by Du et al. (2005).  The watershed is approximately 80 percent in 
tile-drainage (Green et al., 2006) so inclusion of a tile drainage component is necessary to 
accurately model the hydrology.  Additional parameters required for the SWAT-M model 
included: 1) depth to an impermeable layer (DEPIMP); 2) depth of the tile drain (ddrain); 3) 
time to drain the soil to field capacity ( draint ) or the time to drain the water table to the tile 
depth; and 4) drain lag time (gdrain) or the amount of time between the transfer of water from 
the soil to the drain tile and the release of water from the drain tile outlet to the channel.  
These parameters were defined uniformly for each HRU and are as follows: depimp = 2.5 m; 
ddrain  = 1.0 m; draint  = 24 hrs; and gdrain = 96 hrs (Tables 7 & 8).   
The calibration approach used by Green et al. (2006) compared simulated and observed 
values for base flow and total streamflow at the basin outlet (USGS gage 05451210) using 
manual or trial and error calibration methods.  The calibration period was 1995 to 1998 and 
the validation period was 1999 to 2004.  However, because calibration of base flow for a 
SWAT-M simulation involves adjusting model parameters so that the sum of groundwater 
base flow (groundwater discharge), lateral (unsaturated) flow, and tile flow matches the base 
flow provided by the Filter program, calibration to base flow does not provide an 
independent means for evaluating how well the model simulates each hydrologic flux 
individually.  The fluxes attributed to these water sources are not known, therefore posing a 
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question of solution uniqueness.  For example, if the Filter program results indicate that base 
flow comprises 20 percent of streamflow, a SWAT model that uses “reasonable” parameter 
values and that produces results indicating that tile flow accounts for 15 percent, groundwater 
discharge accounts for 3 percent, and lateral flow accounts for 2 percent of streamflow, 
would appear to be “calibrated” to base flow, solely because the sum of these three 
hydrologic components is 20 percent.  However, a SWAT model that produces results 
indicating that 12 percent of streamflow is comprised of groundwater discharge, tile flow 
comprises 7 percent and lateral flow comprises 1 percent of streamflow, would also be 
“calibrated” to base flow.  Identifying a means for “measuring” these individual hydrologic 
fluxes, such as a method for separation of tile flow from the hydrograph, would improve the 
calibration and model uniqueness.  Green et al. (2006) reported that the primary parameters 
adjusted during the South Fork SWAT model calibration process include three CN-related 
parameters and the surface runoff lag coefficient (Table 6).  Sensitivity analysis was not 
performed as part of the South Fork SWAT model, further adding to the uniqueness issue. 
SWAT-calibrated groundwater parameters for the SFW were held constant for all HRUs 
(Tables 7 & 8).  A groundwater delay (δgw) value of 31 days was specified, (time before 
water exiting the soil profile becomes recharge), as well as a base flow alpha factor or base 
flow recession constant (αgw) equal to 0.048 days.  In contrast, the base flow recession 
constant originally estimated by the Filter program was 0.0179 days (Table 5).  A return flow 
threshold of 0 mm was used, which specifies no minimum depth of water in the shallow 
aquifer required before return flow (groundwater discharge) occurs.  The “revap” threshold, 
which specifies the minimum depth of water before water from the shallow aquifer can move 
up into the unsaturated zone, was defined as 1 mm.  A groundwater “revap” coefficient of 
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0.02 indicates that the movement of water from the shallow aquifer into the root zone 
(capillary fringe) is limited.  The deep aquifer percolation fraction was specified as 0.0500, 
indicating that water was available to recharge the deep aquifer.  Deep aquifer recharge is 
considered to be lost from the system and does not contribute to streamflow. 
The SWAT model results for the validation period (1999-2004), as shown in the annual 
hydrologic budget for the SFW in Table 9, suggest tile flow comprises the greatest 
contribution to stream flow (69%), whereas surface runoff, groundwater discharge, and 
lateral flow comprise only 22, 6, and 4 percent, respectively.  Furthermore, the model output 
indicates the mean annual total groundwater recharge (i.e. deep aquifer and shallow aquifer 
recharge) for the validation period is 0.43 in/yr (3.0×10-5 m/d).  This recharge value 
represents a mean recharge for the 727 HRUs and is considerably less than the 10 to 20 
percent of precipitation used in most groundwater models in the Midwest. 
Similarity between measured, simulated mean, and standard deviation estimates for the 
validation period indicates that the model was able to reproduce the observed discharge 
frequency distribution.  The resulting goodness of fit statistics for both calibration and 
validation periods were termed acceptable by Green et al. (2006); they are presented in Table 
10.  A coefficient of determination (r2) of 0.7 indicates that a fairly strong relationship exists 
between measured and simulated annual streamflow.  The Nash-Sutcliffe efficiency (ENS) 
value of 0.6 indicates how closely annual measured versus simulated discharge values 
adhered to a prediction line of slope 1:1 with a value of 1.0 being a perfect correlation. 
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GFLOW Model 
The GFLOW model was simulated under steady-state conditions, with defined 
parameter values for global K and global R as well as alluvial K and alluvial R.  Calibration 
of the SFW GFLOW model utilized 11 hydraulic head targets and 4 flux targets (from base 
flow separation).  Again, this procedure lies in contrast with the SWAT calibration and 
validation procedures, which evaluate the model goodness-of-fit based only on stream 
discharge at the watershed outlet. 
Mean hydraulic heads calculated for eleven piezometers based on monthly 
measurements collected during the 2006 WY were assigned to the head calibration targets in 
the GFLOW model (Appendix C).  Mean base flow values were estimated by BFI for the 
four gaging station locations throughout the watershed using: 1) ten years of stream 
discharge data (1996-2005) for USGS gage 05451210; 2) five years of stream discharge data 
(2001-2005) for NLAE gage TC325; and 3) four years of stream discharge data (2002-2005) 
for NLAE gages SF400 and BC350.  These values were assigned to flux calibration targets in 
the GFLOW model (Appendix C). 
Trial and error calibration consisted of adjusting K and R in order to minimize MAD 
and RMS error for both the hydraulic head and flux targets.  Tile drainage complicates the 
usual calibration procedure in GFLOW, because the tiles add flux to the base flow value and 
cannot be modeled easily or explicitly.  Haitjema et al. (1993) modeled tile drainage in an 
earlier GFLOW model of the Walnut Creek watershed south of Ames, IA.  In lieu of 
explicitly modeling field tile drains, they demonstrated that they could simulate the net effect 
of a densely tile-drained landscape on the water table – and still calibrate to base flow – by 
increasing K by as much as an order of magnitude in areas drained by tiles.  Their results 
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indicated that at the watershed scale, explicitly modeling county drainage tiles produces  
results similar to this indirect approach of increasing K.  In the Walnut Creek model, 
Haitjema et al. (1993) defined two areas of differing K based upon the relative density of tile 
drainage.   
Based on this success, a similar approach was used in the South Fork watershed, 
whereby global K was increased from 0.5 ft/d (0.15 m/d) to 3 ft/d (0.91 m/d) to simulate the 
overall impact of tile drainage features on the water table; thus a tile drainage inhomogeneity 
was not created.  However, problems in reaching calibration in the eastern edge of the 
watershed prompted a re-examination of the county tile drain coverage there, which indicated 
a decreased tile density (Figure 12).  To reflect the decrease, an inhomogeneity termed ETD 
was defined and a K value lower than the global K value was assigned to it.  This improved 
the model’s ability to reproduce hydraulic head and improved the overall model fit.   
Best-fit model parameter values achieved during manual trial-and-error calibration, for 
all model parameters, were used as input for the automated parameter estimation simulations 
using the PEST model (Table 3).  Relative sensitivities calculated by PEST indicated that 
model calibration was most sensitive to global R (49.9) and relatively less sensitive to global 
K (7.6), alluvial K (5.6), alluvial R (4.3) and the ETD inhomogeneity K (3.3) (Table 11).  
Successive PEST simulations included only global R and global K, the two most sensitive 
parameters.  The final optimized solution from PEST reached convergence after two 
iterations and showed no significant correlation between global R and global K.  Correlation 
of parameters is generally an indication of model non-uniqueness (Hill, 1998). 
Optimized calibration of the model showed that hydraulic head and flux are within 
acceptable limits resulting in an MAD of 9.4 ft (2.9 m) and an RMS of 14.7 ft (4.48 m) for 
59 
 
hydraulic head and an MAD of 1.95 cfs (0.0552 cms) and an RMS of 2.47 cfs (0.0699 cms) 
for groundwater flux (Table 17; Figures 24 and 25).  Global K of 2.98 ft/d (0.909 m/d) (95% 
CI of 2.04 ft/d to 4.36 ft/d; 0.622 m/d to 1.33 m/d) is higher than the original global K value 
of 0.5 ft/d (0.15 m/d).  K for the alluvial inhomogeneity and K for the ETD inhomogeneity 
were 146.6 ft/d (44.7 m/d) and 0.39 ft/d (0.12 m/d), respectively (Table 3).  Global R was 4.3 
in/yr (3.0×10-4 m/d) (95% CI: 4.12 in/yr to 4.57 in/yr; 2.86×10-4 m/d to 3.18×10-4 m/d) and 
12.9 in/yr (9.00×10-4 m/d) for the alluvial inhomogeneity (Table 3).  The global R of 4.3 
in/yr represents 12.6 percent of 2006 WY precipitation, which lies within the range of 
groundwater recharge values typical for the Midwest region (Stoertz and Bradbury, 1989; 
Delin et al., 2007).  However, it is an order of magnitude greater than that estimated by the 
SWAT model for the SFW.  This discrepancy is significant because the recharge value of the 
GFLOW model represents the input rate of water needed to maintain the water table at the 
elevation indicated by the field measurements.  The final calibrated water table map 
produced by GFLOW shows that groundwater flow is toward the streams; thus, they are 
gaining streams (Figure 26).  Although GFLOW results indicate the streams are primarily 
gaining, there are several small reaches that show streamflow is recharging groundwater and 
are losing streams.  Given the significance of tile flow contribution to base flow in the SFW, 
we would expect to observe mainly gaining stream conditions in the SFW GFLOW model.   
 
Walnut Creek-Squaw Creek Watershed  
SWAT Walnut Creek Model 
SWAT model simulation of the Walnut Creek and Squaw Creek watersheds was 
performed separately for each watershed and results were provided by the Iowa Geological 
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Survey and the Center for Agricultural and Rural Development (M.K. Jha, written 
communication, 2008).  Simulation of daily streamflow values from 1998-2004 for the 
WCW was also performed using SWAT2005.  Tile drainage (SWAT-M) was not used in the 
WCW simulations.  The model simulation period was divided into a calibration period 
(1998-2000) and a validation period (2002-2004). 
Calibration proceeded manually by comparison of simulated and observed values for 
total streamflow at the gaging station at the basin outlet (USGS gage 05487550, WNT2).  No 
sensitivity analysis was performed.  The resulting groundwater parameters for the calibrated 
WCW SWAT model did not vary throughout the watershed (Tables 7&8).  Calibrated 
parameters included a groundwater delay (δgw) value of 9 days, a base flow alpha factor (αgw) 
of 0.7 days, and a return flow threshold of 0 mm.  The base flow alpha factor determined by 
the Filter program for the WNT2 gage was 0.0285 days (Table 5); thus, the calibrated model 
indicated that groundwater flow responds faster to recharge than the Filter program suggests.  
The “revap” threshold was defined as 1 mm and the groundwater “revap” coefficient was 
defined as 0.02.  The deep aquifer percolation fraction was specified as 0; therefore, no water 
was available to recharge the deep aquifer. 
Results from the 1998-2004 period were used to compare with the GFLOW results.  
During that period, the  mean annual hydrologic budget, as simulated by the SWAT model, 
suggests that surface runoff and groundwater flow contribute equally to streamflow, with 
each contributing approximately 49 percent of total streamflow (Table 12).   Mean surface 
runoff ranged from 3.14 cfs (0.0889 cms) in 2000 to 9.18 cfs (0.260 cms) in 1998 and 
groundwater flow ranges from 2.51 cfs (0.0710 cms) in 2001 to 11.76 cfs (0.333 cms) in 
1998.  Mean annual lateral flow is equal to 0.14 cfs (0.0040 cms), comprising about one 
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percent of total streamflow.  SWAT results indicate annual groundwater recharge during the 
1998-2004 period should be 3.8 in/yr or about 14 percent of mean annual precipitation during 
that time.  Daily, monthly and annual results for the calibration and validation period 
produced goodness of fit statistics as follows:  1) annual results of 6.02 r and 6.0NSE for 
the calibration period and 5.02 r and 5.0NSE for the validation period; 2) monthly results 
of 9.02 r  and 9.0NSE  for the calibration period and 7.02 r and 7.0NSE for the 
validation period; and 3) annual results of 0.12 r and 8.0NSE for the calibration period 
and 7.02 r and 5.0NSE for the validation period (Table 13).  Coefficient of determination 
( 2r ) and Nash-Sutcliffe Efficiency ( NSE ) values indicate that the model was able to better 
simulate observed values during the calibration period than during the validation period. 
 
SWAT Squaw Creek Model 
The SCW SWAT model was divided into a calibration period from 1998 to 2000 and a 
validation period from 2002 to 2004 as well.  Simulation of daily streamflow values was 
performed using SWAT2005 without the SWAT-M model (tile drainage was not included).  
Manual calibration methods were used to compare simulated and observed values for total 
streamflow at the basin outlet gaging station, (USGS gage 05471040, SQW2); sensitivity 
analysis was omitted. 
The parameters for groundwater used for the calibrated SCW model were the same as 
those used for the WCW model (Tables 7&8).  The base flow alpha factor (αgw) estimated by 
the Filter program for the SQW2 gage was 0.0060 days (Table 5).  The calibrated value of 
(αgw) for the SWAT model (0.7 days) was significantly larger than the Filter-estimated value.  
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These differences suggest that the use of empirical parameters provides the modeler with a 
broad range of “tuning factors” with which to converge on a model solution.  . 
The SCW hydrologic budget simulated by SWAT (for the period 1998-2004) indicates 
that groundwater flow ranges from 3.92 cfs (0.111 cms) in 2000 to 13.88 cfs (0.393 cms) in 
1998, surface runoff ranges from 2.33 cfs (0.066 cms) in 2000 to 7.13 cfs (0.202 cms) in 
1998, and lateral flow ranges from 0.14 cfs (0.0040 cms) in 2000 to 0.28 cfs (0.0079 cms) in 
1998.  Groundwater discharge comprises the greatest contribution to streamflow at nearly 62 
percent, based on mean annual results (Table 14).  Runoff and lateral flow comprise 
approximately 37 and 2 percent, respectively.  Based on the simulated hydrologic budget, the  
mean annual groundwater recharge for the validation period was 5.2 in/yr, or 18 percent of 
mean annual precipitation for the combined calibration and validation period.  Coefficient of 
determination ( 2r ) and Nash-Sutcliffe Efficiency ( NSE ) values for daily, monthly and annual 
simulation results for the calibration period were 3.02 r  and 3.0NSE , 9.02 r  and 
9.0NSE , and 0.12 r  and 0.1NSE , respectively (Table 15).  The validation period 
produced the following daily, monthly and annual results: 5.02 r  and 6.0NSE ; 8.02 r  
and 8.0NSE ; and 3.02 r  and 3.0NSE (Table 15).  Based on goodness of fit statistics for 
the calibration and validation periods, the SCW SWAT model was better able to simulate the 
calibration period than the validation period.  Goodness of fit statistics typically improve as 
they are calculated for a longer increment of time; interestingly, the annual SCW SWAT 
results indicate poorer model performance – as judged by its ability to reproduce the field 
data –  than the monthly and daily results. 
 
63 
 
GFLOW Model 
The initial WCSCW GFLOW model was simulated with parameter values based upon 
previous finite-difference modeling (Weisbrod, 2005).  Parameters were defined for global K 
and global R, alluvial K, and alluvial R.  Calibration of the WCSCW GFLOW model utilized 
24 hydraulic head targets and 3 flux targets.  Hydraulic head targets consisted of mean 
hydraulic head values estimated from four Old Transect wells (1997 WY), seven Cabbage 
wells, and 13 Riparian wells (2002 WY-2004 WY) (Appendix C).  Mean base flow values 
for the Walnut and Squaw Creek USGS gaging stations (WNT1, WNT2 and SQW2) were 
estimated by BFI using 10 years of stream discharge data (1996 WY-2005 WY).  These 
values comprised the flux calibration targets.  Values of K and R were adjusted during 
manual calibration and best-fit parameters were used as input for parameter estimation 
simulations (Table 4). 
The initial PEST simulation was run under parameter estimation mode for all of the 
WCSCW model parameters.  Results from this initial PEST simulation indicated that the 
model solution is most sensitive to both global R (5.1) and global K (3.6) and less sensitive 
to WC alluvial K (0.33), SC alluvial R (0.26), WC alluvial R (0.012) and SC alluvial K 
(0.0097) (Table 16).  A second PEST simulation solved for global K and global R only after 
removing the other parameters.  The final WCSCW PEST simulation converged after two 
iterations.  
Parameter estimation generally improved calibrated model parameters (Table 4) and the 
calibration (Figures 30 and 31).  The calibrated model resulted in an MAD of 7.8 ft (2.4 m) 
and an RMS of 10.2 ft (3.11 m) for hydraulic head and an MAD of 0.26 cfs (0.0072 cms) and 
an RMS of 0.26 cfs (0.0074 cms) for groundwater flux.  Optimal parameter values include K 
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values of 0.39 ft/d (0.12 m/d) (95% CI: 0.29 ft/d to 0.53 ft/d; 0.088 m/d to 0.16 m/d) for 
global K, 6.26 ft/d (1.91 m/d ) for the WC alluvial K and 4.64 ft/d (1.41 m/d) for the SC  
alluvial K.  Optimal global R was 5.3 in/yr (3.7×10-4 m/d) (95% CI: 4.16 to 6.54 in/yr; 
2.90×10-4 to 4.55×10-4 m/d).  The WC alluvial R was 6.5 in/yr (4.5×10-4 m/d) and SC alluvial 
R was 16.3 in/yr (1.13×10-3 m/d).  
The large discrepancy in R for the WC alluvial and SC alluvial inhomogeneities is likely 
a result of sparse calibration data.  The SC value of 16.3 in/yr is poorly constrained.  More 
hydraulic head observations within the Squaw Creek watershed in addition to the SQW2 flux 
observation would have enabled the automated parameter estimation program to produce a 
more unique solution.  Nevertheless, the water table map produced by the final calibration 
illustrates gaining streams in the WCSCW (Figure 32). 
 
Comparison of SWAT and GFLOW Hydrology  
South Fork Watershed 
Significant differences were found between groundwater discharge estimates of the 
SWAT and GFLOW models at SFW.  Although mean annual base flow at USGS 05451210 
estimated by SWAT’s Filter program of 88.4 cfs (2.50 cms) was similar to that estimated by 
BFI of 80.7 cfs (2.28 cms), groundwater discharge simulated by the SWAT model itself was 
significantly less than that simulated by GFLOW.  The SWAT model simulated groundwater 
discharge of 8.96 cfs (0.254 cms) at the gage and GFLOW simulated base flow of 81.21 cfs 
(2.298 cms) – almost an order of magnitude difference.  This discrepancy is a result of 
SWAT’s distinction between simulated tile flow and groundwater discharge, whereas 
GFLOW-simulated base flow includes only explicit simulation of groundwater discharge to 
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the stream.  Inclusion of higher K values to account for tile flow in the watershed is the only 
means available in GFLOW to model tile discharge implicitly. 
In addition, the SWAT model indicates that tile flow comprises nearly 92 percent of 
base flow (tile flow, lateral flow and groundwater discharge); thus, the R value calculated by 
the SWAT model is only 0.43 in/yr — the recharge to the aquifer that eventually becomes 
groundwater discharge.  However, it is doubtful that this value provides enough water to 
produce the observed hydraulic heads in the piezometers, which is what GFLOW uses in its 
calibration procedure. 
In order to check whether SWAT could simulate groundwater flow given this recharge, 
the R value of 0.43 in/yr was used as input to the already calibrated GFLOW model.  With all 
other GFLOW parameters held at their calibrated values, the watershed hydrology was 
simulated with global and alluvial R values of 0.43 in/yr.  The results indicate that the model 
significantly under-predicts hydraulic head measurements in the field (Table 17).  The 
resulting MAD and RMS for hydraulic heads increased to 44.3 ft (13.5 m) and 48.5 ft (14.8 
m), respectively (Table 17).  In addition, the GFLOW-simulated base flow of 6.8 cfs (0.19 
cms) with this R was less than observed base flow at USGS gage 05451210 (80.7 cfs; 2.28 
cms).  GFLOW’s resulting MAD and RMS for base flow increased to 36.2 cfs (1.02 cms) 
and 42.6 cfs (1.21 cms), respectively (Table 17).  Interestingly, however, the GFLOW-
simulated base flow of 6.8 cfs (0.19 cms) at R = 0.43 in/yr was more similar to groundwater 
discharge simulated by the SWAT model (8.9 cfs; 0.25 cms). 
A second set of simulations compared the two models by using the SWAT-estimated 
recharge value as a fixed input parameter to the GFLOW model and employing PEST to 
solve for the global K necessary to reproduce base flow and hydraulic head observations.  
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The SWAT recharge value (0.43 in/yr) was used for global and alluvial R parameter values.  
Global K, alluvial K, and ETD K were all included in the PEST optimization.  PEST results 
indicate that the model solution was most sensitive to alluvial K (683) and less sensitive to 
ETD K (217) and global K (63.8).  The optimized global K value was 0.25 ft/d (0.076 
m/d)(95% CI: 0.06 ft/d to 0.97 ft/d; 0.02 m/d to 0.30 m/d).  Alluvial K was 300 ft/d (91.5 
m/d)(95% CI: 188 ft/d to 479 ft/d; 57.3 m/d to 146 m/d), and ETD K was 0.07 ft/d (0.02 m/d) 
(95% CI: 0.02 ft/d to 0.2 ft/d; 0.006 m/d to 0.06 m/d).  In this case, the global K and ETD K 
values were close to slug test results for oxidized and unoxidized till of the Alden Member.  
However, previous GFLOW models of late Wisconsinan till indicate values for global K of 
at least one order of magnitude higher than the slug test values, indicative of an increase in 
scale (Haitjema et al., 1993; Fowle, 2003; Simpkins, 2006a, W.W. Simpkins, verbal 
communication, 2006b).  Additionally, the unoxidized till of the Alden Member is 
extensively fractured and shows K values closer to 10.7 ft/d (2.8 m/d) (Helmke et al., 2005). 
The optimized alluvial K value (300 ft/d) increased relative to the GFLOW model. 
Calibration statistics using the lower global R value were not acceptable.  They showed 
an MAD of 18.6 ft (5.67 m) and an RMS of 33.7 ft (10.3 m) for hydraulic head and an MAD 
of 37 cfs (1.1 cms) and an RMS of 43 cfs (1.2 cms) for base flow discharge (Figures 27&28).  
Thus, based on calibration statistics and K values a global R value of 4.3 in/yr provides an 
overall better model fit for the SFW GFLOW model than does the SWAT-estimated recharge 
(0.43 in/yr) (Table 17).  The water table map produced by the GFLOW model optimized for 
the lower global R are shown in Figure 29.  SWAT’s estimated recharge is too low to 
reproduce water table measurements; GFLOW does not have the ability to model tile flow 
67 
 
and therefore the SFW GFLOW model cannot be used to corroborate the SFW SWAT model 
results. 
 
Walnut Creek and Squaw Creek Watershed 
The results of the comparison were different in the WCSCW.  The Filter program and 
BFI produced similar annual base flow estimates for both the WNT2 gage (USGS gage 
05487550) and the SQW2 gage (USGS gage 05471040).  However, mean annual 
groundwater flow simulated by the WCW SWAT model of 4.91 cfs (0.139 cms) was nearly 
half as much as the base flow produced by the calibrated WCSCW GFLOW model of 8.01 
cfs (0.227 cms) at the WNT2 gage (Table 12).  In contrast, groundwater flow simulated by 
the SCW SWAT model of 6.79 cfs (0.192 cms) was closer to base flow simulated by the 
WCSCW GFLOW model of 7.54 cfs (0.213 cms) at the SQW2 gage (Table 14).   
One explanation for this similarity is that global R values estimated by the Walnut 
Creek SWAT model (3.78 in/yr) and the Squaw Creek SWAT model (5.24 in/yr) were 
slightly less than calibrated global R for both the WCW and SCW in the overall WCSCW 
GFLOW model (5.3 in/yr) (Table 18).  However, SWAT and GFLOW both estimated greater 
groundwater recharge values to SC than WC.  The calibrated GFLOW model produced a WC 
alluvial R of 6.5 in/yr (4.5×10-4 m/d), which is significantly less than the SC alluvial R 
estimate of 16.3 in/yr (1.13×10-3 m/d).  However, this value of nearly 50 percent of annual 
precipitation is likely too high.  Potential reasons for this difference in alluvial recharge value 
were discussed in an earlier section.   
SWAT-estimated groundwater recharge values were used as input to the calibrated 
GFLOW model to determine whether the SWAT model values could reproduce field 
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hydraulic head measurements.  In order to do this, two inhomogeneities were created in the 
GFLOW model to define a WC recharge area and a SC recharge area.  With other GFLOW 
parameters held constant, the calibrated GFLOW model used WC global R and alluvial R 
equal to 3.78 in/yr (8.6×10-4 m/d), and SC global R and alluvial R equal to 5.24 in/yr 
(1.2×10-3 m/d).  The calibration worsened but not as much as the South Fork example (Table 
18).  Values of MAD and RMS for hydraulic heads increased to 9.2 ft (2.8 m) and 12.2 ft 
(3.72 m), respectively (Table 18).  GFLOW simulated base flow discharge decreased at all 
gages; however, the Walnut Creek gage (WNT2) experienced the most significant decrease 
(from 8.01 cfs; 0.227 cms to 5.65 cfs; 0.160 cms).  The MAD and RMS values for base flow 
increased to 1.5 cfs (0.042 cms) and 1.5 cfs (0.043 cms), respectively (Table 18).  However, 
GFLOW-simulated base flow (5.65 cfs; 0.160 cms) was similar to groundwater discharge 
simulated by the SWAT model (4.91 cfs; 0.139 cms) at the WNT2 gage.  Simulated base 
flow discharge (6.51 cfs; 0.184 cms) at the SQW2 was also very similar to groundwater 
discharge simulated by the SWAT model (6.8 cfs; 0.19 cms). 
PEST was then used to optimize K values of the WCSCW GFLOW model, while 
holding R fixed to those values estimated by SWAT.  The WC global R inhomogeneity 
(described above) and the WC alluvial R inhomogeneity were assigned values of 3.78 in/yr 
as estimated by SWAT.  The SC global R inhomogeneity and the SC alluvial R 
inhomogeneity were assigned values of 5.2 in/yr.  The PEST optimization included solutions 
for global K, WC alluvial K and SC alluvial K.  Sensitivities for each of these parameters 
were 4.97, 0.28 and 0.0084, respectively.  The K values all indicate a decrease relative to the 
calibrated K values in the GFLOW model.  The resulting optimized values included a global 
K value of 0.28 ft/d (0.085 m/d)(95% CI: 0.22 to 0.35 ft/d; 0.067 to 0.11 m/d), a SC alluvial 
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K of 1.4 ft/d (0.43 m/d) (95% CI: 20100.1   to 20108.1   ft/d; 21100.3   to 19105.5   m/d), 
and a WC alluvial K of 3.5 ft/d (1.1 m/d)(95% CI: 2103.1   to 964 ft/d; 3100.4   to 294 
m/d).  The broad confidence intervals for both the WC alluvial K and especially the SC 
alluvial K indicate significant uncertainty in the estimated values for these two parameters, 
presumably due to the clumping of test (calibration) points in only three areas of the model 
domain.   
In contrast to the results of the SFW, calibration statistics for hydraulic head targets 
indicated a MAD of 7.8 ft (2.4 m) and an RMS of 10.2 ft (3.11 m) (Table 18; Figure 33).  
These results suggest the recharge used in the SWAT model reproduces observed hydraulic 
head measurements nearly as well as the R values used in the calibrated GFLOW model 
(Figures 30&33).  However, the base flow simulated by the optimized SWAT model 
underestimated observed base flow at all gages (Figure 34).  Base flow discharge calibration 
statistics include an MAD of 1.5 cfs (0.042 cms) and an RMS of 1.5 cfs (0.043 cms) (Table 
18).  The water table map produced by the WCSCW GFLOW model parameterized for 
SWAT-derived recharge is shown Figure 35.  There is little difference between this water 
table map and that for the calibrated GFLOW model, again suggesting that the R used in the 
SWAT model produces results similar to those produced by the calibrated GFLOW R. 
 
Conclusions of Model Comparison 
Result of the simulations suggest that the ability of the SWAT model to provide 
reasonable R values to be used in a groundwater model is not consistent among the three 
sites.  Results from the optimized GFLOW models using SWAT-derived recharge values 
show a greater disparity between base flow and streamflow in the SFW than for the 
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WCSCW.  The WCSCW GFLOW model optimized using SWAT-derived recharge matched 
observed hydraulic heads as well as did the calibrated WCSCW GFLOW model (Table 18).  
In contrast, the SFW GFLOW model optimized for SWAT-derived recharge was unable to 
reproduce observed hydraulic head to an acceptable standard of calibration.  Both the SFW 
and WCSCW GFLOW models employing SWAT recharge under-predicted base flow 
discharge.  However a much greater disparity in base flow discharge was present between the 
two GFLOW models of the SFW (Figures 25 & 28, 31 & 34).   
The only distinction between the SWAT models for the SFW and the WCSCW is the 
inclusion of the tile flow simulation (SWAT-M) in the former.  Assessing the differences in 
the simulated hydrology of SWAT and GFLOW is complicated by the difference in the 
calculation of groundwater recharge values.  The large number of empirical parameters in 
SWAT and its typical calibration to a single streamflow target at the watershed outlet also 
suggest that it cannot identify a unique set of tile drainage, groundwater, and lateral flow 
parameters.  This conundrum illustrates the need for an independent measurement of these 
parameters as part of the calibration process, particularly for the SWAT-M model.  In 
contrast, GFLOW’s parsimonious approach with a limited number of physically measurable 
parameters and a model calibration approach which utilizes multiple targets of various type, 
better enables the user to estimate a unique set of parameter values. 
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SUMMARY AND CONCLUSIONS 
An accurate simulation of hydrology is necessary to assess and predict water quality 
changes due to conservation practices – the ultimate goal of the CEAP program.  This study 
examined two approaches to modeling the hydrology.  The watershed water quality model, 
SWAT, is widely used to evaluate water quality impacts; however, the model’s semi-
conceptual, lumped-parameter approach to simulating groundwater/surface water interaction 
suggests that a more physically-based, deterministic approach used by numerical 
groundwater models might result in better simulation of the hydrology.  Results from a 
SWAT model and GFLOW, a conjunctive groundwater-surface water model, were compared 
for two Iowa watersheds that have different geology, land use, and management histories.  In 
particular, the ability of the GFLOW model to include both hydraulic head and base flow 
discharge calibration targets, provided a useful platform for the evaluation of SWAT’s 
estimate of groundwater recharge for each of the CEAP watersheds.   
The SFW, characterized by extensive tile drainage, provided the greatest contrast 
between SWAT- and GFLOW-simulated hydrology.  Results suggest that SWAT’s 
simulation cannot be corroborated by the results of the conjunctive groundwater-surface 
water model.  This was in part due to SWAT’s explicit approach to modeling tile drainage 
and GFLOW’s simulation of base flow that cannot distinguish between groundwater and tile 
drainage discharge.  The basin mean groundwater recharge rate estimated by SWAT was 
0.43 in/yr, which resulted in a groundwater discharge of 8.9 cfs (0.25 cms) at USGS gage 
05451210.  The calibrated GFLOW model estimated a global recharge value of 4.3 in/yr, 
which resulted in simulated base flow of 81.2 cfs (2.30 cms) at USGS gage 05451210.  Using 
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the SWAT-derived recharge as input to the SFW GFLOW model, results showed the SWAT-
R (0.43 in/yr) underpredicts the observed hydraulic heads in the watershed and that this 
requires significantly lower K values for Wisconsinan till than those supported in the 
literature.  In short, the SWAT- recharge value could not be used in a groundwater model. 
The WCSCW, characterized by greater land use diversity including prairie restoration 
and row crop production, demonstrated more similarity between simulated groundwater 
discharge for the SWAT model and simulated base flow for the GFLOW model.  SWAT-
estimated recharge values for the WCW (3.8 in/yr) and SCW (5.2 in/yr) were similar to 
estimates of global R for the overall WCSCW GFLOW model (5.3 in/yr).  Results from the 
WCSCW GFLOW model with SWAT-estimated R indicate that recharge estimates from 
SWAT and GFLOW can reproduce observed hydraulic head equally as well (MAD = 7.8 ft 
for SWAT and GFLOW).  However, the calibrated GFLOW model (MAD = 0.26 cfs) 
outperformed the optimized simulation with SWAT-derived R (MAD = 1.5 cfs) for 
reproducing observed base flow. 
The comparison between modeling approaches was made difficult by two factors.  First, 
some compromises were made in the data to accommodate comparing a transient model 
(SWAT) to a steady-state model (GFLOW).  The nature of the data sets was also dissimilar 
in spatial and temporal aspects.  Second, the comparison of models for the SFW was 
hampered due to the difference in explicit modeling of tile drainage in SWAT-M versus 
GFLOW’s inability to distinguish tile drainage from groundwater discharge in base flow.  
However, it is clear that use of this new subroutine provided results that are not consistent 
with the recharge needed to maintain hydraulic heads and thus groundwater flow in the 
watershed.  Actual field data on tile discharge and methods to separate this contribution on a 
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stream discharge hydrograph would enable calibration of the SWAT-M parameters and 
increase confidence in the model’s uniqueness.   
The simplified approach of SWAT in simulating stream hydrology appears to work for 
many applications involving water quality, although its treatment of groundwater processes 
and inability to distinguish saturation excess overland flow from infiltration excess overland 
flow remain problematic.  However, when evaluating the effectiveness of conservation 
practices in reducing pollutant loading from agriculture, establishing accurate flow paths for 
overland flow, tile flow, and groundwater flow is necessary prior to determination of water 
quality impacts.  The extensive number of “tuneable” empirical parameters used in SWAT, 
in particular with regard to groundwater discharge, suggest that a unique solution that 
accurately describes groundwater processes is not attainable under its present formulation.  
Lacking accurate simulation of independent hydrologic processes, SWAT’s nutrient transport 
estimates also must be questioned.  Given the poor track record of sophisticated deterministic 
groundwater models to predict outcomes in the future (Konikow, 1986), SWAT’s results 
predicting the impact of conservation practices on water quality should be considered 
carefully prior to enacting major policy decisions.  
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SUGGESTIONS FOR FUTURE WORK 
Comparison of the Soil and Water Assessment Tool and a conjunctive groundwater-
surface water model has illustrated significant differences in modeling approaches and 
resultant hydrologic output and predictions.  Of particular note, is the SFW model 
comparison which illustrates a need for improving SWAT’s simulation of tile drainage.  
Additional calibration tools could be used to evaluate future improvements to SWAT’s tile 
drainage routine by identifying model uniqueness.  Base flow estimation tools capable of 
discerning groundwater discharge from tile drainage would allow for independent calibration 
of these two streamflow components.  Groundwater recharge estimation techniques 
applicable to tile drained landscapes would help to distinguish recharge that is intercepted by 
tile drains from that which reaches the aquifer.  Additional efforts such as the following are 
needed to allow SWAT to better evaluate water quality improvements as a result of 
conservation practices: 
 
 Employ PEST to optimize K values for the SFW GFLOW model by using the SWAT-
estimated R and changing the value of the base flow calibration targets to the 
groundwater discharge values as estimated by SWAT.  Evaluate the resulting K 
estimates; 
 
 Investigation of groundwater recharge in tile-drained landscapes.  A better understanding 
of groundwater recharge would improve confidence in GFLOW results; 
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 Apply automated calibration-parameter estimation techniques, such as the automated 
shuffle complex evolution (SCE) (van Griensven and Bauwens, 2003), or PEST to 
improve uniqueness of existing SWAT models; 
 
 Construct a coupled watershed-groundwater model such as SWAT-M (Sophocleous et 
al., 1999) for the SFW and WCSCW to evaluate impacts of conservation practices on 
water quality.  The use of such a model would improve physical representation of 
hydrologic processes, provide increased calibration targets, and more physically-based 
results; 
 
 Development of a base flow separation method suitable for tile-drained landscapes.  This 
technique would be able to distinguish tile drainage discharge from groundwater 
discharge and aid in determining unique SWAT-M solutions. 
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ABSTRACT 
Predicting the effects of land-use changes on water quality is a necessary step in helping 
policymakers address solutions to nonpoint-source pollution.  Watershed water quality 
models, such as the Soil Water Assessment Tool (SWAT), have been used to model not only 
these changes, but the hydrology of the system as well.  This study compared the ability of 
SWAT against an analytic element, conjunctive groundwater-surface water model (GFLOW) 
to model the hydrology in two Iowa watersheds of contrasting hydrology.  The goal was to 
evaluate which approach best simulated the groundwater and surface water hydrology of the 
watersheds.  The South Fork watershed (SFW) and the Walnut Creek (WC)-Squaw Creek 
(SC) watershed (WCSCW) contain similar geologic materials including till, loess, paleosol, 
and alluvium units whose hydraulic conductivities (K) range from 10-5 to 10-10 m/s.  The 
SFW is 78,000 ha in area, contains 85 percent row crops and is 80 percent tile drained.  The 
WCSCW is 9,960 ha in area and is characterized by row crop production, prairie restoration, 
and significantly less tile drainage.  Models utilized streamflow data (SWAT, GFLOW) and 
hydraulic head data from piezometers (GFLOW only) for calibration.  In the SFW, a 
recharge (R) of 4.3 in/yr was able to calibrate the GFLOW model and produced a base flow 
of 81.2 cfs at USGS gage (05451210), while an R of 0.43 in/yr taken from the calibrated 
SWAT model was unable to reproduce observed hydraulic heads during the study period and 
resulted in a base flow of 6.8 cfs at the gage.  In contrast, in the WCSCW hydraulic heads 
could be calibrated based on R values of 3.8 in/yr (WC) and 5.2 in/yr (SC) that are similar in 
both models.  Groundwater discharge from SWAT (6.79 cfs at SQW2) was more similar to 
base flow from GFLOW (7.54 cfs at SQW2) than in the SFW.  Results of this comparison 
suggest that groundwater recharge values taken from the SWAT-M model are not realistic in 
tile-drained watersheds such as SFW, but that both models simulate hydrology in the 
WCSCW.  Due to the problem of non-uniqueness in highly-parameterized models such as 
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SWAT, incorporation of tile-drainage into deterministic groundwater models with fewer 
parameters, such as GFLOW, may ultimately provide a more accurate simulation of the 
overall hydrology. 
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Figure 1.  Location of the South Fork of the Iowa River, Walnut Creek and Squaw Creek 
watersheds in Iowa.  
 
  
Figure 2.  Landforms of Iowa showing the location of watersheds in this study.  Map from Prior (1991).
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Figure 3.  Location of end moraines of the Des Moines Lobe, piezometer nests and gaging 
stations within the South Fork model domain.
  
Figure 4.  Land use in the South Fork watershed based on 2002-03 crop cover data.  (Data provided by David James).
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Figure 5.  Surficial geology of the Walnut Creek – Squaw Creek model domain.
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Figure 6.  Land use in the Walnut Creek –Squaw Creek watershed during 2005.  (Data 
provided by Keith Schilling and Calvin Wolter).
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Figure 7.  Location of piezometers and gaging stations in the Walnut Creek-Squaw Creek 
watershed.  Explanation of the different well nests appears in the text.  (Watershed and well 
location data provided by Keith Schilling and Calvin Wolter).
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Figure 8.  Quaternary stratigraphy of Iowa (modified from Prior, 1991). 
 
 
 
  
Figure 9.  Schematic representation of the hydrologic cycle as modeled by SWAT (from Neitsch et al., 2005a). 
Surface runoff, lateral flow and return flow are illustrated here and further defined in the text.
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Figure 10.  Slug test analysis and estimated hydraulic conductivity (2 x 10-9 m/s) for South Fork piezometer C28. 
Analysis from AQTESOLV v3.5.
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Figure 11.  Schematic diagram of a typical piezometer nest in the South Fork watershed showing relationship of stratigraphy to 
piezometer placement.  Hydraulic heads from January 2006 are shown. 
1
0
8
 
109 
 
Figure 12.  Drainage district map showing mapped county tile drains in the South Fork 
model domain.   The northeast boundary of the watershed shows an absence of tile drainage  
South Fork watershed outlined in red.
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Figure 13.  GFLOW model domain (red box) for the South Fork watershed (gray area).  The 
green box surrounds the near field area.
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Figure 14.  GFLOW model domain (red box) for the Walnut Creek-Squaw Creek watershed 
(gray area).  The green box surrounds the near field area. 
 
 
  
Figure 15.  Stream hydrograph demonstrating the SWAT Filter program base flow separation procedure.  The program assumes 
that the point at which the filter-estimated base flow rejoins the streamflow hydrograph marks the beginning of the base flow 
recession (from Arnold et al., 1995).  The base flow recession constant is estimated and used as an input parameter for calculating 
groundwater discharge in SWAT.
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Figure 16.  Illustration of the water table height calculation performed by SWAT-M (from Du et al., 2005).
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Figure 17.  Plot of N (days) vs. Base Flow Index for South Fork USGS gage 05451210.
1
1
4
 
 N = 2
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 1 2 3 4 5 6 7 8 9 10
N (days)
B
F
I 
(R
a
ti
o
 o
f 
B
a
s
e
 F
lo
w
 t
o
 T
o
ta
l 
F
lo
w
)
2005
2004
2003
2002
 
Figure 18.  Plot of N (days) vs. Base Flow Index for South Fork NLAE gage SF400.
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Figure 19.  Plot of N (days) vs. Base Flow Index for South Fork NLAE gage BC350.
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Figure 20.  Plot of N (days) vs. Base Flow Index for South Fork NLAE gage TC325.
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Figure 21.  Plot of N (days) vs. Base Flow Index for Walnut Creek gage WNT1.
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Figure 22.  Plot of N (days) vs. Base Flow Index for Walnut Creek gage WNT2.
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Figure 23.  Plot of N (days) vs. Base Flow Index for Squaw Creek gage SQW2.
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Figure 24. Hydraulic head calibration curve for the optimized South Fork GFLOW model.
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Figure 25. Flux calibration curve for the optimized South Fork GFLOW model.  
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Figure 26. Water table map of the South Fork model domain based on the final calibrated 
GFLOW solution.
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Figure 27. Hydraulic head calibration curve for the South Fork GFLOW model optimized 
for SWAT recharge.
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Figure 28. Flux calibration curve for the South Fork GFLOW model optimized for SWAT 
recharge.
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Figure 29. Water-table map of the South Fork model domain based on the optimized 
solution for SWAT recharge.
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Figure 30. Hydraulic head calibration curve for the optimized Walnut Creek-Squaw Creek 
GFLOW model.
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Figure 31. Flux calibration curve for the optimized Walnut Creek-Squaw Creek GFLOW 
model. 
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Figure 32. Water table map of the Walnut Creek-Squaw Creek model domain based on the 
final calibrated GFLOW solution. 
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Figure 33. Hydraulic head calibration curve for the Walnut Creek-Squaw Creek GFLOW 
model optimized for SWAT recharge.
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Figure 34. Flux calibration curve for the Walnut Creek-Squaw Creek GFLOW model 
optimized for SWAT recharge. 
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Figure 35. Water table map of the Walnut Creek-Squaw Creek model domain based on the 
optimized solution for SWAT recharge. 
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Table 1. Construction data for piezometers installed in the South Fork watershed. 
Piezometer 
Total 
depth 
(ft) 
Depth to 
top of 
screen 
(ft) 
Depth to 
bottom of 
screen 
(ft) 
 
Top of casing 
(ft above m.s.l.) 
Ground surface 
elevation  
(ft above m.s.l.) 
A15 14.75 12.25 14.25 1248.64 1245.40
A23 23.45 20.95 22.95 1248.29 1245.40
B14 13.80 11.30 13.30 1190.64 1187.68
B29 28.85 26.35 28.35 1190.11 1187.68
C15 14.85 12.35 14.35 1190.00 1186.93
C20 20.40 17.90 19.90 1188.45 1186.93
C28 27.73 25.23 27.23 1189.79 1186.67
D13 12.70 10.20 12.20 1143.68 1140.99
D20 20.50 18.00 20.00 1143.43 1140.99
E20 20.40 17.90 19.90 1154.90 1151.73
E26 26.90 24.40 26.40 1154.90 1151.73
F11 10.50 8.00 10.00 1046.22 1043.62
F20 20.20 17.70 19.70 1046.46 1043.62
G13 12.90 10.40 12.40 1233.54 1230.71
G20 20.30 17.80 19.80 1233.31 1230.71
H14 13.50 11.00 13.00 1178.94 1175.85
H21 21.30 18.80 20.80 1179.10 1175.85
I13 12.80 10.30 12.30 1170.27 1167.61
I20 20.10 17.60 19.60 1170.49 1167.61
J13 13.00 10.50 12.50 1149.81 1147.37
J23 23.40 20.90 22.90 1150.08 1147.37
K12 20.50 18.00 20.00 1109.01 1106.21
K18 18.00 15.50 17.50 1108.66 1106.21
L47 46.75 44.25 46.25 970.80 968.48
 
 Table 2. Hydraulic conductivity (K) estimates from slug tests in piezometers in the South Fork watershed.  ND indicates no data. 
Piezometer Falling Head  K (m/s) 
Rising Head  
K (m/s) 
Mean  
K (m/s) Lithology 
A15 ND ND ND Morgan Mbr., Dows Fm. (oxidized) 
A23 1×10-9 7×10-10 1×10-9 Morgan Mbr., Dows Fm. (oxidized) (0.45’ Alden Mbr.) 
B14 8×10-7 7×10-7 8×10-7 Morgan Mbr., Dows Fm. (oxidized) 
B29 2×10-7 3×10-8 1×10-7 Morgan Mbr., Dows Fm. (unoxidized) 
C15 ND ND ND 2.2’ Morgan Mbr., Dows Fm. (oxidized) (1.8’ Alden Mbr.) 
C20 ND ND ND Alden Mbr., Dows Fm. (unoxidized) 
C28 2×10-9 ND 2×10-9 Alden Mbr., Dows Fm. (unoxidized) 
D13 ND 4×10-8 4×10-8 Morgan Mbr., Dows Fm. (oxidized) 
D20 1×10-7 ND 1×10-7 Morgan Mbr., Dows Fm. (oxidized) 
E20 ND ND ND Morgan Mbr., Dows Fm. (oxidized) 
E26 1×10-6 1×10-6 1×10-6 Morgan Mbr., Dows Fm. (oxidized) 
F11 2×10-7 4×10-8 1×10-7 Pedisediment 
F20 1×10-7 ND 1×10-7 Pedisediment (1 ft) overlying Sheldon Cr. Fm. 
G13 1×10-7 1×10-7 1×10-7 Morgan Mbr., Dows Fm. (unoxidized) (<1’ Alden Mbr.) 
G20 8×10-10 3×10-9 2×10-9 Alden Mbr., Dows Fm. (unoxidized) 
H14 7×10-7 7×10-7 7×10-7 4.5’ Morgan Mbr., Dows Fm. (oxidized) (1’ Alden Mbr.) 
H21 3×10-10 ND 3×10-10 Alden Mbr., Dows Fm. (unoxidized) 
I13 1×10-6 2×10-6 2×10-6 Morgan Mbr., Dows Fm. (oxidized) 
I20 2×10-8 1×10-8 2×10-8 Alden Mbr., Dows Fm. (unoxidized) 
J13 2×10-6 ND 2×10-6 Morgan Mbr., Dows Fm. (oxidized) 
J23 8×10-9 ND 8×10-9 Morgan Mbr., Dows Fm. (unoxidized) 
K12 9×10-8 ND 9×10-8 Morgan Mbr., Dows Fm. (unoxidized) 
K18 4×10-6 7×10-6 6×10-6 Morgan Mbr., Dows Fm. (unoxidized) 
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Table 3. Parameter values used in the initial and final calibrated GFLOW model for the 
South Fork watershed. 
Parameter 
 
Value 
Aquifer base 800 ft
above mean sea level
 
Aquifer thickness 
(allowed to vary depending upon water table elevation) Up to 600 ft
 
Global K 
    Initial model 3 ft/d
    Calibrated model 2.98 ft/d
(95% CI: 2.04 to 4.36 ft/d)
 
ETD inhomogeneity K 
    Initial model 0.50 ft/d
    Calibrated model 0.39 ft/d
 
Alluvial inhomogeneity K 
    Initial model 200 ft/d
    Calibrated model 146.6 ft/d
 
Global R 
    Initial model 4.8 in/yr 
    Calibrated model 4.3 in/yr 
(95% CI: 4.12 to 4.57 in/yr)
 
Alluvial inhomogeneity R 
    Initial model 9.20 in/yr
    Calibrated model 12.9 in/yr
 
Near-field streams 
    Streambed resistance 0 days
    Width 5 to 30 ft
    Depth 0 ft
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Table 4. Parameter values used in the initial and final calibrated GFLOW model for the 
Walnut Creek-Squaw Creek watershed. 
Parameter 
 
Value 
Aquifer base 600 ft
above mean sea level
 
Aquifer thickness 
(allowed to vary depending upon water table elevation) Up to 500 ft
 
Global K 
    Initial model 0.40 ft/d
    Calibrated model 0.39 ft/d
(95% CI: 0.29 ft/d to 0.53 ft/d)
 
Walnut Creek alluvial inhomogeneity K 
   Initial model 9.0 ft/d
   Calibrated model 6.26 ft/d
 
Squaw Creek alluvial inhomogeneity K 
   Initial model 9.0 ft/d
   Calibrated model 4.64 ft/d
 
Global R 
   Initial model 4.0 in/yr
   Calibrated model 5.3 in/yr
(95% CI: 4.16 to 6.54 in/yr)
 
Walnut Creek alluvial inhomogeneity R 
   Initial model 6.7 in/yr
   Calibrated model 6.5 in/yr
 
Squaw Creek alluvial inhomogeneity R 
   Initial model 6.6 in/yr
   Calibrated model 16.3 in/yr
 
Near-field streams 
   Streambed resistance 0 days
   Width 1 to 20 ft
   Depth 0 ft
 Table 5.  Comparison of base flow separation results from the Filter program and BFI. 
 
 
  
 
BFI method 
 
SWAT's Filter Method 
    
Gaging Station ID Gage Record for Base flow separation N BFI Base flow Fr1 NPR αgw  BFD  
South Fork        
USGS 05451210 1996-2005 Calendar Years 2 0.584 0.65 4 0.018 56.0 
NLAE SF400 2002-2005 Calendar Years 2 0.556 - - - - 
NLAE BC350 2002-2005 Calendar Years 2 0.543 - - - - 
NLAE TC325 2001-2005 Calendar Years 2 0.584 - - - - 
        
Walnut Creek-Squaw Creek        
WNT1 USGS 05487540  1996-2005 Water Years 2 0.600 - - - - 
WNT2 USGS 05487550 1996-2005 Water Years 2 0.528 0.61 3 0.029 35.1 
SQW2 USGS 05471040 1996-2005 Water Years 2 0.590 0.66 9 0.006 165.4 
        
GFLOW’s BFI parameters 
N: Number of days defining the increment into which the year is broken, further used for identification of a minimum flow for each increment 
BFI: Ratio of total base flow volume to total streamflow volume (base flow index) 
 
SWAT’s Filter parameters 
Base flow Fr1: Fraction of streamflow contributed by base flow that is estimated in first filter pass 
NPR: Number of individual base flow recessions used to calculate master recession curve
Alpha Factor: Base flow recession constant
Base flow days: Number of days for the base flow recession to decline through one log cycle
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 Table 6. Parameters adjusted by Green et al. (2006) during the South Fork SWAT model calibration (modified from Green et al., 
2006). 
Parameter Description Range 
Calibrated
Value 
ESCO Soil evaporation compensation factor (unitless) 0.01 to 1.0 0.95
FFCB 
Initial soil water storage expressed as a fraction of field capacity water content 
(unitless) 
0 to 1.0
0.8
Surlag Surface runoff lag coefficient (days) 0 to 4 0.2
ICN 
Based on the SCS runoff curve number procedure and a soil moisture accounting 
technique: (0) calculate daily CN value as a function of soil moisture; (1) calculate 
daily CN value as a function of plant evapotranspiration (unitless) 
 
0 or 1
1
CNcoeff[a] Curve number coefficient (unitless) 0.5 to 2.0 0.2
CN2 Initial SCS runoff curve number for moisture condition II (unitless) 30 to 100 66-78
PHU Potential heat unit (used for corn and soybeans) (heat units) 1000 to 2000 1800
[a] Williams and LaSeuer, 1976 
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 Table 7. Description of SWAT groundwater and tile drainage parameters. 
Parameter Description 
  
Groundwater  
GW_DELAY (δgw) 
Groundwater delay factor describing the time it takes for water exiting the soil profile to become 
recharge (days) 
ALPHA_BF (αgw) Base flow alpha factor or base flow recession constant (days) 
GWQMN (aqshthr,q) Threshold depth of water in the shallow required for return flow to occur (mm) 
GW_REVAP (βrev) 
Groundwater “revap” coefficient describing how readily water from the shallow aquifer can move 
into the capillary fringe where it is available for evaporation (unitless) 
REVAPMN (aqshthr,rvp) 
Threshold depth of water in the shallow aquifer for “revap” or percolation to the deep aquifer to 
occur (mm) 
RCHRG_DP (βdeep) 
Deep aquifer percolation coefficient describing the fraction of percolation from the root zone 
which recharges the deep aquifer (unitless) 
  
Tile Drainage  
DEPIMP Depth to the impermeable layer (m) 
ddrain Depth of the tile drain (m) 
draint  Time to drain the soil to field capacity or time to drain the water table to tile depth (hrs) 
gdrain 
Time between the transfer of water from the soil to the drain tile and the release of water from the 
drain tile outlet to the channel (hrs) 
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Table 8. Groundwater and tile drainage parameters determined by Green et al. (2006) during 
the South Fork SWAT model calibration and Jha (2008) during the Walnut Creek watershed 
and Squaw Creek watershed model calibration.  Tile drainage was not simulated for the 
Walnut Creek and Squaw Creek SWAT models. 
Parameter CalibratedValue 
    
 South Fork Walnut Creek Squaw Creek 
    
Groundwater    
GW_DELAY (δgw) (days) 31 9 9
ALPHA_BF (αgw) (days) 0.48 0.7 0.7
GWQMN (aqshthr,q) (mm) 0 0 0
GW_REVAP (βrev) (unitless) 0.02 0.02 0.02
REVAPMN (aqshthr,rvp) (mm) 1.0 1.0 1.0
RCHRG_DP (βdeep) (unitless) 0.05 0.05 0.05
  
Tile Drainage  
DEPIMP (m) 2.5  
ddrain (m) 1.0  
draint  (hrs) 24  
gdrain (hrs) 96  
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Table 9. Mean annual hydrologic budget simulated by SWAT for the 
South Fork watershed (modified from Green et al., 2006). 
Hydrologic Component
Calibration 
1995-1998 
Validation 
1999-2004 
Precipitation input 30.96 in/yr
 
29.82 in/yr 
Runoff 34 cfs
 
32 cfs 
Lateral flow 5.5 cfs
 
5.7 cfs 
Tile flow 137 cfs
 
102 cfs 
Groundwater flow 8.7 cfs
 
8.9 cfs 
Total aquifer recharge Data not provided
 
0.43 in/yr 
Evapotranspiration 22.03 in/yr
 
22.72 in/yr 
Potential ET 43.85 in/yr
 
48.55 in/yr 
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Table 10. Calibration and validation statistics for the SWAT model of the South Fork 
watershed using data from USGS gage 05451210 (South Fork Iowa River NE of New 
Providence).  Data modified from Green et al. (2006). 
 Measured
(mm)
Simulated
(mm)
 
r2 
 
ENS
Annual     
Calibration (1995-1998)     
  Mean 250 210 1.0 0.7
  SD 100 120
Validation (1999-2004)     
  Mean 180 200 0.7 0.6
  SD 80 70
Monthly 
Calibration (1995-1998)     
  Mean 20.6 16.7 0.9 0.9
  SD 27.8 28.1
Validation (1999-2004)     
  Mean 13.9 13.4 0.6 0.5
  SD 17.3 19.0
Daily 
Calibration (1995-1998)     
  Mean 0.7 0.6 0.7 0.7
  SD 1.3 1.3
Validation (1999-2004)     
  Mean 0.5 0.5 0.5 0.4
  SD 0.9 1.0
r2: Coefficient of determination 
ENS: Nash-Sutcliffe Efficiency 
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Table 11. Relative sensitivity of parameters in the South Fork GFLOW model as determined 
by PEST. 
Parameter Relative Sensitivity 
Global R 49.9 
Global K 7.6 
Alluvial inhomogeneity K 5.6 
Alluvial inhomogeneity R 4.3 
ETD inhomogeneity K 3.3 
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Table 12. Mean annual hydrologic budget simulated by SWAT for 
the Walnut Creek watershed (Jha, 2008). 
Hydrologic Component 
Combined Average for 
the 1998-2004 Period 
Precipitation 
 
27.67 in/yr 
Runoff 
 
4.9 cfs 
Lateral flow 
 
0.13 cfs 
Tile flow 
 
0 cfs 
Groundwater flow 
 
4.9 cfs 
Total aquifer recharge 
 
3.78 in/yr 
Evapotranspiration 
 
20.26 in/yr  
Potential ET 
 
39.59 in/yr  
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Table 13. Calibration and validation statistics for the SWAT model of the Walnut Creek 
watershed using data from USGS gage 05487550 (Walnut Creek near Vandalia) (Jha, 2008). 
 Measured
(mm)
Simulated
(mm)
 
r2 
 
ENS
Annual     
Calibration (1998-2000)     
  Mean 286 233 1.0 0.8
  SD 176 136
Validation (2002-2004)     
  Mean 211 187 0.7 0.5
  SD 70 44
Monthly  
Calibration (1998-2000)     
  Mean 23.8 19 0.9 0.9
  SD 28.1 21.9
Validation (2002-2004)     
  Mean 17.5 16 0.7 0.7
  SD 20.1 16.8
Daily  
Calibration (1998-2000)     
  Mean 0.8 0.6 0.6 0.6
  SD 1.7 1.3
Validation (2002-2004)     
  Mean 0.5 0.3 0.5 0.5
  SD 0.7 0.6
r2: Coefficient of determination 
ENS: Nash-Sutcliffe Efficiency 
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Table 14.  Mean annual hydrologic budget simulated by SWAT  
for the Squaw Creek watershed (Jha, 2008). 
Hydrologic Component 
Combined Average for 
the 1998-2004 Period 
Precipitation 
 
29.82 in/yr 
Runoff 
 
4.1 cfs 
Lateral flow 
 
0.19 cfs 
Tile flow 
 
0 cfs 
Groundwater flow 
 
6.8 cfs 
Total aquifer recharge 
 
5.24 in/yr 
Evapotranspiration 
 
21.53 in/yr 
Potential ET 
 
39.59 in/yr 
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Table 15. Calibration and validation statistics for the  SWAT model of the Squaw Creek 
watershed using data from USGS gage 05471040 (Squaw Creek near Colfax) (Jha, 2008). 
 Measured
(mm)
Simulated
(mm)
 
r2 
 
ENS
Annual     
Calibration (1998-2000)     
  Mean 272 273 1.0 1.0
  SD 183 159
Validation (2002-2004)     
  Mean 214 223 0.3 0.3
  SD 102 47
Monthly     
Calibration (1998-2000)     
  Mean 22.7 23 0.9 0.9
  SD 27.6 25
Validation (2002-2004)     
  Mean 17.8 19 0.8 0.8
  SD 18.4 19.2
Daily  
Calibration (1998-2000)     
  Mean 0.7 0.8 0.3 0.3
  SD 1.9 1.3
Validation (2002-2004)     
  Mean 0.4 0.5 0.5 0.6
  SD 0.7 0.6
r2: Coefficient of determination 
ENS: Nash-Sutcliffe Efficiency 
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Table 16. Relative sensitivity of parameters in the Walnut Creek-Squaw Creek GFLOW 
model as determined by PEST. 
Parameter Relative Sensitivity
Global R 5.1
Global K  3.6
Walnut alluvial inhomogeneity K 0.33
Squaw alluvial inhomogeneity R 0.26
Walnut alluvial inhomogeneity R 0.012
Squaw alluvial inhomogeneity K 0.0097
 
 
 
 
 
 
 
 
 
 
 
 
 Table 17. Calibration results for South Fork watershed GFLOW simulations. 
 
GFLOW Simulation 
Global K 
(ft/d) 
Global R 
(in/yr) 
Alluvial K 
(ft/d) 
Alluvial R 
(in/yr) 
ETD K 
(ft/d) 
Hydraulic head 
MAD (ft) 
Flux 
MAD (cfs) 
 
Manual calibration 3.0 4.8 200 9.2 0.50 10.5 3.42
 
Automated calibration 
(GFLOW-PEST) 2.98 4.3 147 12.9 0.39 9.4 1.95
 
Calibrated GFLOW 
(SWAT recharge) 2.98 0.43 147 0.43 0.39 44.3 36.2
 
Calibrated GFLOW 
(SWAT recharge-PEST) 0.25 0.43 300 0.43 0.07 18.6
37.3
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 Table 18. Calibration results for Walnut Creek-Squaw Creek watershed GFLOW simulations. 
 
GFLOW Simulation 
Global 
K (ft/d) 
WC 
Global 
R (in/yr) 
SC 
Global 
R (in/yr) 
WC 
Alluvial 
K (ft/d) 
SC 
Alluvial 
K (ft/d) 
WC 
Alluvial 
R (in/yr) 
SC 
Alluvial 
R (in/yr) 
Hydraulic 
head 
MAD (ft) 
Flux 
MAD(cfs) 
 
Manual calibration 0.40 4.0 4.0 9.0 9.0 6.7 6.7 8.9 2.5
 
Automated calibration 
(GFLOW-PEST) 0.39 5.3 5.3 6.26 4.64 6.5 16.3 7.8 0.26
 
Calibrated GFLOW 
(SWAT recharge) 0.39 3.8 5.2 6.26 4.64 3.8 5.2 9.2 1.5
 
Calibrated GFLOW 
(SWAT recharge-
PEST) 0.28 3.8 5.2 3.5 1.4 3.8 5.2 7.8
 
 
 
1.5
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APPENDIX A. SOUTH FORK CORE DESCRIPTIONS 
South Fork Core Description (A15) 
Drilled August 16, 2005 
Described by Deb Quade 
Elevation: 1248.637 ft 
Location (UTM NAD 83):  Easting 447783.638, Northing 4711830.212 
Depth (ft) Description 
0.0 to 0.7 Dows Fm.- (Lake Mills solum) Ap: very dark grey (10YR3/1) clay loam; moderate 
fine subangular blocky parting to fine granular structure; friable; noneffervescent 
0.7 to 1.3 Dows Fm.- (Lake Mills solum) A: very dark gray (10YR 3/1) and dark brown 
(10YR 3/2) clay loam; moderate medium and fine subangular blocky structure; 
friable; noneffervescent 
1.3 to 1.9 Dows Fm.- (Lake Mills solum) AB: dark brown (10YR 3/2) and brown (10YR 4/3) 
clay loam; moderate medium to fine angular blocky to subangular blocky structure; 
friable; noneffervescent 
1.9 to 3.9 Dows Fm.- (Lake Mills solum) 2Bt: olive brown (2.5Y 5/4) clay loam; common 
medium faint grayish brown (2.5Y 5/2) mottles; moderate medium to fine 
subangular blocky structure; friable; white (10YR 8/1) CaCO3 streaks;  Fe 
concentrations increasing in size and number with depth; slightly effervescent 
3.9 to 4.9 Dows Fm.- (Lake Mills solum) 2Bt2: olive brown (2.5Y 5/4) light clay loam; 
moderate coarse prismatic structure; friable; noneffervescent 
4.9 to 6.5 Dows Fm.- (Morgan solum) 2Bt3: light brownish gray (2.5Y 6/2) strong brown 
(7.5YR 5/8) mottled loam; friable; strong brown (7.5YR 5/8) Mn coatings; 
moderately effervescent 
6.5 to 8.0 No recovery- Missing Interval 
8.0 to 10.9 Dows Fm.- (Morgan) MOU: olive brown (2.5Y 5/4) loam to silty clay diamicton; 
many fine strong brown (7.5YR 5/6) mottles; resedimented; slightly firm; strongly 
effervescent 
10.9 to 13.0 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) and olive brown (2.5Y 4/3) loam 
diamicton; resedimented; slightly firm; common fine strong brown (7.5YR 5/6) 
joints; strongly effervescent 
13.0 to 14.75 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) loam diamicton and grayish 
brown (2.5Y 5/2) silty clay; resedimented; vaguely stratified; slightly firm; reddish 
brown (5YR 4/4) to yellowish red (7.5YR 5/6) joints; strongly effervescent 
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South Fork Core Description (A23) 
Drilled August 16, 2005 
Described by Deb Quade 
Elevation: 1248.293 ft 
Location (UTM NAD 83):  Easting 447781.687, Northing 4711830.417 
Depth (ft) Description 
0.0 to 0.7 Dows Fm.- (Lake Mills solum) Ap: very dark grey (10YR3/1) clay loam; moderate 
fine subangular blocky parting to fine granular structure; friable; noneffervescent 
0.7 to 1.3 Dows Fm.- (Lake Mills solum) A: very dark gray (10YR 3/1) and dark brown 
(10YR 3/2) clay loam; moderate medium and fine subangular blocky structure; 
friable; noneffervescent 
1.3 to 1.9 Dows Fm.- (Lake Mills solum) AB: dark brown (10YR 3/2) and brown (10YR 4/3) 
clay loam; moderate medium to fine angular blocky to subangular blocky structure; 
friable; noneffervescent 
1.9 to 3.9 Dows Fm.- (Lake Mills solum) 2Bt: olive brown (2.5Y 5/4) clay loam; common 
medium faint grayish brown (2.5Y 5/2) mottles; moderate medium to fine 
subangular blocky structure; friable; white (10YR 8/1) CaCO3 streaks;  Fe 
concentrations increasing in size and number with depth; slightly effervescent 
3.9 to 4.9 Dows Fm.- (Lake Mills solum) 2Bt2: olive brown (2.5Y 5/4) light clay loam; 
moderate coarse prismatic structure; friable; noneffervescent 
4.9 to 6.5 Dows Fm.- (Morgan solum) 2Bt3: light brownish gray (2.5Y 6/2) strong brown 
(7.5YR 5/8) mottled loam; friable; strong brown (7.5YR 5/8) Mn coatings; 
moderately effervescent 
6.5 to 8.0 No recovery- Missing Interval 
8.0 to 10.9 Dows Fm.- (Morgan) MOU: olive brown (2.5Y 5/4) loam to silty clay diamicton; 
many fine strong brown (7.5YR 5/6) mottles; resedimented; slightly firm; strongly 
effervescent 
10.9 to 13.0 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) and olive brown (2.5Y 4/3) loam 
diamicton; resedimented; slightly firm; common fine strong brown (7.5YR 5/6) 
joints; strongly effervescent 
13.0 to 18.5 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) loam diamicton and grayish 
brown (2.5Y 5/2) silty clay; resedimented; vaguely stratified; slightly firm; reddish 
brown (5YR 4/4) to yellowish red (7.5YR 5/6) joints; strongly effervescent 
18.5 to 23.23 Dows Fm.- (Alden) RJU: dark grayish brown (2.5Y 4/2) loam diamicton; firm; few 
coarse olive brown (2.5Y 5/4) joints; strongly effervescent; poor recovery (2.4/5 ') 
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South Fork Core Description (B14) 
Drilled August 17, 2005 
Described by Deb Quade 
Elevation: 1190.640 ft 
Location (UTM NAD 83):  Easting 455591.293, Northing 4701147.389 
Depth (ft) Description 
0.0 to 3.0 Dows Fm.- (Morgan solum):  (2.5Y 5/3-5/2) loam diamicton; slightly friable; (2+/3') 
3.0 to 8.0 Dows Fm.- (Morgan) RJU: (2.5Y 5/2) loam to sandy loam diamicton; friable; joints 
present; Fe stains (7.5YR 5/4-5/6); strong  effervescence (4.2/5') 
8.0 to 13.0 Dows Fm.- (Morgan) OU: (2.5Y 5/4+5/3+5/2) fine silty sand; very friable; 
laminated; strong effervescence; saturated 
13.0 to 13.8 Dows Fm.- (Morgan) OU:  (2.5 Y5/4+5/3) silty sand grading to (10YR 5/4) coarse 
sand to loamy pebble gravel; base of unit is (7.5YR 4/6) gravel; strong 
effervescence 
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South Fork Core Description (B29) 
Drilled August 17, 2005 
Described by Deb Quade 
Elevation: 1190.105 ft 
Location (UTM NAD 83):  Easting 455590.684, Northing 4701148.069 
Depth (ft) Description 
0.0 to 3.0 Dows Fm.- (Morgan solum):  (2.5Y 5/3-5/2) loam diamicton; slightly friable; (2+/3') 
3.0 to 8.0 Dows Fm.- (Morgan) RJU: (2.5Y 5/2) loam to sandy loam diamicton; friable; joints 
present; Fe stains (7.5YR 5/4-5/6); strong  effervescence (4.2/5') 
8.0 to 13.0 Dows Fm.- (Morgan) OU: (2.5Y 5/4+5/3+5/2) fine silty sand; very friable; 
laminated; strong effervescence; saturated 
13.0 to 18.0 Dows Fm.- (Morgan) OU:  (2.5 Y5/4+5/3) silty sand grading to (10YR 5/4) coarse 
sand to loamy pebble gravel; base of unit is (7.5YR 4/6) gravel; strong 
effervescence 
18.0 to 23.0 Dows Fm.- (Morgan) UU: (5Y 4/1) pea gravel to fine silty sand with occassional 
fine pebbles; lower 0.5 ft bagged; very friable; violent effervescence; proglacial 
sequence? 
23.0 to 28.0 Dows Fm.- (Morgan) UU: (5Y 4/1+5/1) fine sand to fine silty sand; very friable; 
vaguely laminated; violent effervescence 
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South Fork Core Description (C15) 
Drilled August 15, 2005 
Described by Deb Quade 
Elevation: 1189.997 ft 
Location (UTM NAD 83):  Easting 463777.379, Northing 4703681.467 
Depth (ft) Description 
0.0 to 0.75 Dows Fm.- (Morgan solum) Ap: dark brown (10YR 3/2) loam; weak medium and 
fine granular structure; friable; moderately effervescent 
0.75 to 1.18 Dows Fm.- (Morgan solum) Bw1: olive brown (2.5Y 5/4) loam; moderate medium 
and fine subangular blocky structure; friable; moderately effervescent 
1.18 to 1.84 Dows Fm.- (Morgan solum) Bw2: olive brown (2.5Y 5/4) loam; moderate medium 
and fine subangular blocky structure; friable; white (10YR 8/1) and very pale brown 
(10YR 8/2) CaCO3 coats; moderately effervescent 
1.84 to 2.4 Dows Fm.- (Morgan solum) Bw3: yellowish brown (10YR 5/4) sandy clay loam; 
very weak medium and fine subangular blocky structure; very friable; moderately 
effervescent 
2.4 to 3.1 Dows Fm.- (Morgan solum) Bw4: olive brown (2.5Y 5/4) loam diamicton; moderate 
medium and fine subangular blocky structure; friable; very few fine yellowish red 
(5YR 4/6) Fe concentrations and very black fine Mn concentrations; moderately 
effervescent 
3.1 to 3.9 Dows Fm.- (Morgan solum) Bw5: olive brown (2.5Y 5/4) loam; weak fine 
subangular blocky structure; friable; moderately effervescent 
3.9 to 6.0 Dows Fm.- (Morgan solum) BC: olive brown (2.5Y 5/4) and grayish brown (2.5Y 
5/2) loam to clay loam; weak coarse prismatic parting to medium subangular blocky 
structure; friable; common many fine yellowish red (5YR4/6) and common fine 
strong brown (7.5YR 5/8) Fe concentrations; moderately effervescent 
6.0 to 8.0 Dows Fm.- (Morgan) OU: olive brown (2.5Y 5/4) and grayish brown (2.5Y 5/2) 
clay loam diamicton; resedimented; slightly firm; moderately effervescent; high 
sand content 
8.0 to 11.1 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) and grayish brown (2.5Y 5/2) 
loam and clay loam diamicton with occasional thin lenses of sand; vaguely stratified 
(>1.0 to 0.1 ft. beds); friable; common fine brown (7.5YR 5/4) to strong brown 
(7.5YR 5/6) Fe stains on joint faces; strongly effervescent; gradual boundary 
11.1 to 11.8 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) loam diamicton with common 
thin sand lenses; vaguely stratified (>1.0 to 0.1 ft. beds); very friable to friable; 
violently effervescent; clear boundary 
11.8 to 12.5 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) and olive brown (2.5Y 5/4) loam 
diamicton; resedimented; slightly firm; few medium brown (7.5YR 5/4) to strong 
brown (7.5YR 5/6) Fe stains on joint faces; violently effervescent; abrupt boundary 
12.5 to 14.8 Dows Fm.- (Morgan) RJU: grayish brown (2.5Y 5/2) loam diamicton with common 
thin lenses of strong brown (7.5YR 5/6) medium sand; vaguely stratified (>1.0 to 
0.1 ft. beds); friable to slightly firm; strongly effervescent; abrupt boundary 
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South Fork Core Description (C20) 
Drilled October 12, 2005 
Described by Deb Quade 
Elevation: 1188.449 ft 
Location (UTM NAD 83):  Easting 463776.091, Northing 4703681.622 
Depth (ft) Description 
0.0 to 0.75 Dows Fm.- (Morgan solum) Ap: dark brown (10YR 3/2) loam; weak medium and 
fine granular structure; friable; moderately effervescent 
0.75 to 1.18 Dows Fm.- (Morgan solum) Bw1: olive brown (2.5Y 5/4) loam; moderate medium 
and fine subangular blocky structure; friable; moderately effervescent 
1.18 to 1.84 Dows Fm.- (Morgan solum) Bw2: olive brown (2.5Y 5/4) loam; moderate medium 
and fine subangular blocky structure; friable; white (10YR 8/1) and very pale brown 
(10YR 8/2) CaCO3 coats; moderately effervescent 
1.84 to 2.4 Dows Fm.- (Morgan solum) Bw3: yellowish brown (10YR 5/4) sandy clay loam; 
very weak medium and fine subangular blocky structure; very friable; moderately 
effervescent 
2.4 to 3.1 Dows Fm.- (Morgan solum) Bw4: olive brown (2.5Y 5/4) loam diamicton; moderate 
medium and fine subangular blocky structure; friable; very few fine yellowish red 
(5YR 4/6) Fe concentrations and very black fine Mn concentrations; moderately 
effervescent 
3.1 to 3.9 Dows Fm.- (Morgan solum) Bw5: olive brown (2.5Y 5/4) loam; weak fine 
subangular blocky structure; friable; moderately effervescent 
3.9 to 6.0 Dows Fm.- (Morgan solum) BC: olive brown (2.5Y 5/4) and grayish brown (2.5Y 
5/2) loam to clay loam; weak coarse prismatic parting to medium subangular blocky 
structure; friable; common many fine yellowish red (5YR4/6) and common fine 
strong brown (7.5YR 5/8) Fe concentrations; moderately effervescent 
6.0 to 8.0 Dows Fm.- (Morgan) OU: olive brown (2.5Y 5/4) and grayish brown (2.5Y 5/2) 
clay loam diamicton; resedimented; slightly firm; moderately effervescent; high 
sand content 
8.0 to 11.1 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) and grayish brown (2.5Y 5/2) 
loam and clay loam diamicton with occasional thin lenses of sand; vaguely stratified 
(>1.0 to 0.1 ft. beds); friable; common fine brown (7.5YR 5/4) to strong brown 
(7.5YR 5/6) Fe stains on joint faces; strongly effervescent; gradual boundary 
11.1 to 11.8 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) loam diamicton with common 
thin sand lenses; vaguely stratified (>1.0 to 0.1 ft. beds); very friable to friable; 
violently effervescent; clear boundary 
11.8 to 12.5 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) and olive brown (2.5Y 5/4) loam 
diamicton; resedimented; slightly firm; few medium brown (7.5YR 5/4) to strong 
brown (7.5YR 5/6) Fe stains on joint faces; violently effervescent; abrupt boundary 
12.5 to 15.2 Dows Fm.- (Morgan) RJU: grayish brown (2.5Y 5/2) loam diamicton with common 
thin lenses of strong brown (7.5YR 5/6) medium sand; vaguely stratified (>1.0 to 
0.1 ft. beds); friable to slightly firm; strongly effervescent; abrupt boundary 
15.2 to 18.9 Dows Fm.- (Alden) UJU: dark gray (5Y 4/1) loam diamicton; massive; slightly firm 
to firm; coarse strong brown (7.5YR 5/6) Fe stains on joint faces; strongly 
effervescent; abrupt boundary 
18.9 to 20.4 Dows Fm.- (Alden) UU: dark gray (5Y 4/1) loam diamicton; massive; firm; strongly 
effervescent; clear smooth boundary lower .6 ft. has increased sand content 
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South Fork Core Description (C28) 
Drilled August 15, 2005 
Described by Deb Quade 
Elevation: 1189.787 
Location (UTM NAD 83):  Easting 463778.438, Northing 4703681.409 
Depth (ft) Description 
0.0 to 0.75 Dows Fm.- (Morgan solum) Ap: dark brown (10YR 3/2) loam; weak medium and 
fine granular structure; friable; moderately effervescent 
0.75 to 1.18 Dows Fm.- (Morgan solum) Bw1: olive brown (2.5Y 5/4) loam; moderate medium 
and fine subangular blocky structure; friable; moderately effervescent 
1.18 to 1.84 Dows Fm.- (Morgan solum) Bw2: olive brown (2.5Y 5/4) loam; moderate medium 
and fine subangular blocky structure; friable; white (10YR 8/1) and very pale brown 
(10YR 8/2) CaCO3 coats; moderately effervescent 
1.84 to 2.4 Dows Fm.- (Morgan solum) Bw3: yellowish brown (10YR 5/4) sandy clay loam; 
very weak medium and fine subangular blocky structure; very friable; mod. efferv. 
2.4 to 3.1 Dows Fm.- (Morgan solum) Bw4: olive brown (2.5Y 5/4) loam diamicton; moderate 
medium and fine subangular blocky structure; friable; very few fine yellowish red 
(5YR 4/6) Fe concentrations and very black fine Mn concentrations; moderately 
effervescent 
3.1 to 3.9 Dows Fm.- (Morgan solum) Bw5: olive brown (2.5Y 5/4) loam; weak fine 
subangular blocky structure; friable; moderately effervescent 
3.9 to 6.0 Dows Fm.- (Morgan solum) BC: olive brown (2.5Y 5/4) and grayish brown (2.5Y 
5/2) loam to clay loam; weak coarse prismatic parting to medium subangular blocky 
structure; friable; common many fine yellowish red (5YR4/6) and common fine 
strong brown (7.5YR 5/8) Fe concentrations; moderately effervescent 
6.0 to 8.0 Dows Fm.- (Morgan) OU: olive brown (2.5Y 5/4) and grayish brown (2.5Y 5/2) 
clay loam diamicton; resedimented; slightly firm; moderately effervescent; high 
sand content 
8.0 to 11.1 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) and grayish brown (2.5Y 5/2) 
loam and clay loam diamicton with occasional thin lenses of sand; vaguely stratified 
(>1.0 to 0.1 ft. beds); friable; common fine brown (7.5YR 5/4) to strong brown 
(7.5YR 5/6) Fe stains on joint faces; strongly effervescent; gradual boundary 
11.1 to 11.8 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) loam diamicton with common 
thin sand lenses; vaguely stratified (>1.0 to 0.1 ft. beds); very friable to friable; 
violently effervescent; clear boundary 
11.8 to 12.5 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) and olive brown (2.5Y 5/4) loam 
diamicton; resedimented; slightly firm; few medium brown (7.5YR 5/4) to strong 
brown (7.5YR 5/6) Fe stains on joint faces; violently effervescent; abrupt boundary 
12.5 to 15.2 Dows Fm.- (Morgan) RJU: grayish brown (2.5Y 5/2) loam diamicton with common 
thin lenses of strong brown (7.5YR 5/6) medium sand; vaguely stratified (>1.0 to 
0.1 ft. beds); friable to slightly firm; strongly effervescent; abrupt boundary 
15.2 to 18.9 Dows Fm.- (Alden) UJU: dark gray (5Y 4/1) loam diamicton; massive; slightly firm 
to firm; coarse strong brown (7.5YR 5/6) Fe stains on joint faces; strongly 
effervescent; abrupt boundary 
18.9 to 23.6 Dows Fm.- (Alden) UU: dark gray (5Y 4/1) loam diamicton; massive; firm; strongly 
effervescent; clear smooth boundary lower .6 ft. has increased sand content 
23.6 to 27.73 Dows Fm.- (Alden) UU: dark gray (5Y 4/1) loam diamicton and silty clay loam; 
firm; strongly effervescent; appears to have inclusions of loess within the diamicton.  
Possibly sheared diamicton. 
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South Fork Core Description (D13) 
Drilled August 18, 2005 
Described by Deb Quade 
Elevation: 1143.680 ft 
Location (UTM NAD 83):  Easting 474236.086, Northing 4696562.058 
Depth (ft) Description 
0.0 to 3.0 Dows Fm.- (Morgan) OU: (10YR 5/4+4/3) sandy loam diamicton; few pebbles 
present (2-3%); friable; strong effervescence; (1.9/3') recovery 
3.0 to 8.0 Dows Fm.- (Morgan) OU: (2.5 Y 5/4 or 10 YR5/4) very fine silty sand interbedded 
with thin lenses of coarse to very coarse sand (0.02 ft beds); laminated to stratified; 
friable; strong effervescence; (1.5/5') recovery because core was lost down hole 
8.0 to 12.7 Dows Fm.- (Morgan) OU: (10YR 5/4-5/6+ 2.5Y 5/1-5/2) interbedded sand and 
sandy loam diamicton; friable; strong effervescence 
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South Fork Core Description (D20) 
Drilled October 12, 2005 
Described by Deb Quade 
Elevation: 1188.449 ft 
Location (UTM NAD 83):  Easting 463776.091, Northing 4703681.622 
Depth (ft) Description 
0.0 to 3.0 Dows Fm.- (Morgan) OU: (10YR 5/4+4/3) sandy loam diamicton; few pebbles 
present (2-3%); friable; strong effervescence; (1.9/3') recovery 
3.0 to 8.0 Dows Fm.- (Morgan) OU: (2.5 Y 5/4 or 10 YR5/4) very fine silty sand interbedded 
with thin lenses of coarse to very coarse sand (0.02 ft beds); laminated to stratified; 
friable; strong effervescence; (1.5/5') recovery because core was lost down hole 
8.0 to 13.0 Dows Fm.- (Morgan) OU: (10YR 5/4-5/6+ 2.5Y 5/1-5/2) interbedded sand and 
sandy loam diamicton; friable; strong effervescence 
13.0 to 14.5 Dows Fm.- (Morgan) OU: (10YR 5/6) medium to coarse loam pebble sands 
 
14.5 to 17.0 Dows Fm.- (Morgan) OU: (2.5Y 5/3+10YR5/4) loamy sand and coarse pebbly sand; 
friable; strong effervescence 
 
17.0 to 19.0 Dows Fm.- (Morgan) OU: (10YR 5/4) coarse pebbly sand; loose; strong 
effervescence 
 
19.0 to 20.3 Dows Fm.- (Morgan) OU: (2.5Y 5/3) medium to coarse sand; loose; strong 
effervescence; (0.5/2.5') recovery 
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South Fork Core Description (E20) 
Drilled August 18, 2005 
Described by Deb Quade 
Elevation: 1154.898 ft 
Location (UTM NAD 83):  Easting 479001.467, Northing 4686239.340 
Depth (ft) Description 
0.0 to 3.0 Dows Fm.- (Morgan) OL: (10YR 4/4) loamy medium to coarse sand; loose; leached 
3.0 to 7.0 Dows Fm.- (Morgan) OU: (10YR 6/3+6/4) very fine silty sand to silt loam and some 
medium sand with few fine pebbles; loose; strong effervescence 
7.0 to 10.0 Dows Fm.- (Morgan) OU: (10YR 5/3+5/4) resedimented sandy loam interbedded 
with (10YR 6/4+6/3) fine to medium  sands; friable to slightly firm; (10YR 5/6) Fe 
stains along bedding plane; strong effervescence 
10.0 to 11.0 Dows Fm.- (Morgan) OU: (10YR 6/4+5/4) silty fine to medium sand; very friable to 
loose; strong effervescence 
11.0 to 14.0 Dows Fm.- (Morgan) OU: (10YR 5/3) silts interbedded with(10YR 6/3+6/4) fine to 
medium sand; friable; (7.5YR 4/4) Fe stains along bedding planes; strong 
effervescence 
14.0 to 19.0 Dows Fm.- (Morgan) OU: (10YR 5/3) resedimented loam diamicton interbedded 
with (10YR 6/3+6/4) medium sand; friable; strong effervescence 
19.0 to 20.4 Dows Fm.- (Morgan) OU: (10YR 5/3) silty loam to loam diamicton; slightly firm; 
strong effervescence 
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South Fork Core Description (E26) 
Drilled August 18, 2005 
Described by Deb Quade 
Elevation: 1154.904 ft  
Location (UTM NAD 83):  Easting 479000.710, Northing 4686238.740 
Depth (ft) Description 
0.0 to 3.0 Dows Fm.- (Morgan) OL: (10YR 4/4) loamy medium to coarse sand; loose; leached 
3.0 to 7.0 Dows Fm.- (Morgan) OU: (10YR 6/3+6/4) very fine silty sand to silt loam and some 
medium sand with few fine pebbles; loose; strong effervescence 
7.0 to 10.0 Dows Fm.- (Morgan) OU: (10YR 5/3+5/4) resedimented sandy loam interbedded 
with (10YR 6/4+6/3) fine to medium  sands; friable to slightly firm; (10YR 5/6) Fe 
stains along bedding plane; strong effervescence 
10.0 to 11.0 Dows Fm.- (Morgan) OU: (10YR 6/4+5/4) silty fine to medium sand; very friable to 
loose; strong effervescence 
11.0 to 14.0 Dows Fm.- (Morgan) OU: (10YR 5/3) silts interbedded with(10YR 6/3+6/4) fine to 
medium sand; friable; (7.5YR 4/4) Fe stains along bedding planes; strong 
effervescence 
14.0 to 19.0 Dows Fm.- (Morgan) OU: (10YR 5/3) resedimented loam diamicton interbedded 
with (10YR 6/3+6/4) medium sand; friable; strong effervescence 
19.0 to 21.5 Dows Fm.- (Morgan) OU: (10YR 5/3) silty loam to loam diamicton; slightly firm; 
strong effervescence 
21.5 to 26.5 Dows Fm.- (Morgan) OU: (10YR 5/2+5/3+5/4) medium to coarse sand; stratified; 
strong effervescence 
26.5 to 26.9 Dows Fm.- (Morgan) OU: (10YR 5/4) silty fine sand; very friable; (5YR 4/6) Fe 
stains; moderate effervescence 
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South Fork Core Description (F11) 
Drilled August 19, 2005 
Described by Deb Quade 
Elevation: 1046.222 ft 
Location (UTM NAD 83):  Easting 492569.005, Northing 4688212.973 
Depth (ft) Description 
0.0 to 1.0 Solum- (Solum) Ap: very dark gray (10YR 3/1) loam; weak fine subangular blocky 
parting  to weak fine granular structure; friable; noneffervescent; abrupt smooth 
boundary 
1.0 to 1.4 Solum- (Solum) A: dark brown (10YR 3/2) loam; weak fine subangular blocky 
structure; friable; noneffervescent; clear smooth boundary 
1.4 to 2.5 Solum- (Solum) Bw1: dark grayish brown (2.5Y 4/2) and grayish brown (2.5Y 5/2) 
loam to clay loam; common fine distinct brown (7.5YR 5/4) and strong brown 
(7.5YR 5/6) mottles; moderate medium parting to fine subangular blocky structure; 
friable; few fine Fe and Mn oxides noneffervescent; gradual smooth boundary 
2.5 to 3.9 Solum- (Solum) Bw2: light olive gray (5Y 6/2) loam; many fine distinct strong 
brown (7.5YR 5/6) mottles; weak medium and fine subangular blocky structure; 
friable; few fine Fe oxides; noneffervescent; abrupt wavy boundary 
3.9 to 5.0 Peoria Fm.- (Peoria) OU: light olive gray (5Y 6/2) silty clay loam; massive; friable; 
few common Fe oxides; noneffervescent; abrupt wavy boundary 
5.0 to 8.5 Unamed erosion surface sediments- (Unamed erosion surface sediments) OU: light 
brownish gray (2.5Y 6/2) loamy fine to medium sand; massive; very friable; 
noneffervescent 
8.5 to 10.0 No recovery 
10.0 to 10.5 Unamed erosion surface sediments- (Unamed erosion surface sediments) MOU: 
yellowish brown (10YR 5/6) loamy fine to medium sand with few pebbles; massive; 
loose to very friable; strongly effervescent; abrupt smooth boundary 
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South Fork Core Description (F20) 
Drilled August 19, 2005 
Described by Deb Quade 
Elevation: 1046.464 ft 
Location (UTM NAD 83):  Easting 492569.396, Northing 4688211.224 
Depth (ft) Description 
0.0 to 1.0 Solum- (Solum) Ap: very dark gray (10YR 3/1) loam; weak fine subangular blocky 
parting  to weak fine granular structure; friable; noneffervescent; abrupt smooth 
boundary 
1.0 to 1.4 Solum- (Solum) A: dark brown (10YR 3/2) loam; weak fine subangular blocky 
structure; friable; noneffervescent; clear smooth boundary 
1.4 to 2.5 Solum- (Solum) Bw1: dark grayish brown (2.5Y 4/2) and grayish brown (2.5Y 5/2) 
loam to clay loam; common fine distinct brown (7.5YR 5/4) and strong brown 
(7.5YR 5/6) mottles; moderate medium parting to fine subangular blocky structure; 
friable; few fine Fe and Mn oxides noneffervescent; gradual smooth boundary 
2.5 to 3.9 Solum- (Solum) Bw2: light olive gray (5Y 6/2) loam; many fine distinct strong 
brown (7.5YR 5/6) mottles; weak medium and fine subangular blocky structure; 
friable; few fine Fe oxides; noneffervescent; abrupt wavy boundary 
3.9 to 5.0 Peoria Fm.- (Peoria) OU: light olive gray (5Y 6/2) silty clay loam; massive; friable; 
few common Fe oxides; noneffervescent; abrupt wavy boundary 
5.0 to 8.5 Unamed erosion surface sediments- (Unamed erosion surface sediments) OU: light 
brownish gray (2.5Y 6/2) loamy fine to medium sand; massive; very friable; 
noneffervescent 
8.5 to 10.0 No recovery 
10.0 to 11.0 Unamed erosion surface sediments- (Unamed erosion surface sediments) MOU: 
yellowish brown (10YR 5/6) loamy fine to medium sand with few pebbles; massive; 
loose to very friable; strongly effervescent; abrupt smooth boundary 
11.0 to 12.6 Sheldon Creek Fm.-Undiff.- (Sheldon Creek) MOU: yellowish brown (10YR 5/4) to 
brown (10YR 5/3) sandy clay loam diamicton; common fine pale brown (10YR 6/3) 
mottles; massive; slightly firm; many fine to medium Fe oxides; strongly 
effervescent; clear smooth boundary 
12.6 to 13.5 Sheldon Creek Fm.-Undiff.- (Sheldon Creek) OU: yellowish brown (10YR 5/4) and 
brown (10YR 5/3) sandy clay loam diamicton; massive; slightly firm; common 
medium strong brown (7.5YR 5/6) Fe oxides; strongly effervescent 
13.5 to 17.5 No recovery 
17.5 to 18.0 Sheldon Creek Fm.-Undiff.- (Sheldon Creek) OU: brown (10YR 5/3) clay loam 
diamicton that appears to be periglacially altered; massive; slightly firm; strongly 
effervescent; abrupt wavy boundary; base of unit included a ~2.5" diameter cobble, 
obvious signs of solifluction 
18.0 to 18.5 Sheldon Creek Fm.-Undiff.- (Sheldon Creek) OU: light brownish gray (10YR 6/2) 
and pale brown (10YR 6/3) fine sand and yellowish brown (10YR 5/6) silt; massive; 
loose to friable; strongly effervescent; soliflucted material; appears to be part of an 
ice wedge cast 
18.5 to 20.2 No recovery 
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South Fork Core Description (G13) 
Drilled October 12, 2005 
Described by Deb Quade 
Elevation: 1233.542 ft 
Location (UTM NAD 83):  Easting 449533.074, Northing 4707285.527 
Depth (ft) Description 
0.0 to 3.5 Dows Fm.- (Morgan) OL: (10YR 5/6) loamy sand with few pebbles;very friable; no 
effervescence 
3.5 to 8.0 Dows Fm.- (Morgan) MOU: (10YR 5/4) loam diamicton laminated with few beds of 
(10YR 5/6-4/6) sandy loam to loamy sand; residmented; friable; (2.5Y 5/2) common 
mottles; Fe staining occuring along bedding planes; strong effervescence 
8.0 to 12.0 Dows Fm.- (Morgan) RU: (2.5Y 4/2-4/3) loam diamicton; slightly firm; strong 
effervescence 
12.0 to 12.9 Dows Fm.- (Alden) UU: (5Y 4/1) loam diamicton; massive; slightly firm; strong 
effervescence. 
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South Fork Core Description (G20) 
Drilled October 12, 2005 
Described by Deb Quade 
Elevation: 1233.306 ft 
Location (UTM NAD 83):  Easting 449534.167, Northing 4707285.993 
Depth (ft) Description 
0.0 to 3.5 Dows Fm.- (Morgan) OL: (10YR 5/6) loamy sand with few pebbles;very friable; no 
effervescence 
3.5 to 8.0 Dows Fm.- (Morgan) MOU: (10YR 5/4) loam diamicton laminated with few beds of 
(10YR 5/6-4/6) sandy loam to loamy sand; residmented; friable; (2.5Y 5/2) common 
mottles; Fe staining occuring along bedding planes; strong effervescence 
8.0 to 12.0 Dows Fm.- (Morgan) RU: (2.5Y 4/2-4/3) loam diamicton; slightly firm; strong 
effervescence 
12.0 to 20.3 Dows Fm.- (Alden) UU: (5Y 4/1) loam diamicton; massive; slightly firm; strong 
effervescence. 
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South Fork Core Description (H14) 
Drilled October 13, 2005 
Described by Deb Quade 
Elevation: 1178.937 ft 
Location (UTM NAD 83):  Easting 462735.405, Northing 4697294.087 
Depth (ft) Description 
0.0 to 4.0 Dows Fm.- (Morgan) MOL: (2.5Y 5/3+ 2.5Y 4/2) loam diamicton; poor recovery 
4.0 to 12.5 Dows Fm.- (Morgan) OU: (10YR 5/4) silty clay loam; friable; medium to strong 
effervescence 
12.5 to 13.5 Dows Fm.- (Alden) UU: (5Y 4/1) loam diamicton; massive; slightly firm; strong 
effervescence 
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South Fork Core Description (H21) 
Drilled October 13, 2005 
Described by Deb Quade 
Elevation: 1179.101 ft 
Location (UTM NAD 83):  Easting 462736.518, Northing 4697293.971 
Depth (ft) Description 
0.0 to 4.0 Dows Fm.- (Morgan) MOL: (2.5Y 5/3+ 2.5Y 4/2) loam diamicton; poor recovery 
4.0 to 12.5 Dows Fm.- (Morgan) OU: (10YR 5/4) silty clay loam; friable; medium to strong 
effervescence 
12.5 to 18.75 Dows Fm.- (Alden) UU: (5Y 4/1) loam diamicton; massive; slightly firm; strong 
effervescence 
18.75 to 21.3 Dows Fm.- (Alden) UU: (5Y 4/1) loam diamicton; massive; firm; strong 
effervescence 
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South Fork Core Description (I13) 
Drilled October 14, 2005 
Described by Deb Quade 
Elevation: 1170.265 ft 
Location (UTM NAD 83):  Easting 462592.126, Northing 4691015.689 
Depth (ft) Description 
0.0 to 5.0 Dows Fm.- (Morgan) MOL: (10YR 5/4+5/6) sandly loam diamicton and loamy 
medium sand with (2.5Y 5/2) common coarse mottles; friable; no effervescence 
5.0 to 13.0 Dows Fm.- (Morgan) JOU: (2.5Y 5/3+5/4) loam diamicton with inclusions of 
(10YR 5/4) loamy medium-coarse sand and (2.5Y 5/1) fine-medium sand; friable; 
(7.5YR 5/6) Fe staining along joint faces; strong effervescence 
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South Fork Core Description (I20) 
Drilled October 13, 2005 
Described by Deb Quade 
Elevation: 1170.494 ft 
Location (UTM NAD 83):  Easting 462593.974, Northing 4691015.274 
Depth (ft) Description 
0.0 to 5.0 Dows Fm.- (Morgan) MOL: (10YR 5/4+5/6) sandly loam diamicton and loamy 
medium sand with (2.5Y 5/2) common coarse mottles; friable; no effervescence 
5.0 to 13.7 Dows Fm.- (Morgan) JOU: (2.5Y 5/3+5/4) loam diamicton with inclusions of 
(10YR 5/4) loamy medium-coarse sand and (2.5Y 5/1) fine-medium sand; friable; 
(7.5YR 5/6) Fe staining along joint faces; strong effervescence 
13.7 to 20.0 Dows Fm.- (Alden) UU: (5Y 4/1) loam diamicton; massive; slightly firm to firm; 
strong effervescence 
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South Fork Core Description (J13) 
Drilled October 10, 2005 
Described by Deb Quade 
Elevation: 1149.811 ft 
Location (UTM NAD 83):  Easting 477585.752, Northing 4706042.791 
Depth (ft) Description 
0.0 to 1.2 Solum.- (Solum) Ap: very dark gray (10YR 3/1) sandy loam with common pebbles; 
weak fine granular structure; very friable; strongly effervescent; abrupt wavy 
boundary 
1.2 to 1.7 Solum- (Solum) A: very dark gray (10YR 3/1) and dark gray (10YR 4/1) loam; 
weak fine subangular blocky structure; very friable; noneffervescent; gradual 
smooth boundary 
1.7 to 2.4 Solum- (Solum) Bw1: dark grayish brown (10YR 4/2) loam; moderate fine to 
medium subangular blocky structure; very friable; noneffervescent; gradual smooth 
boundary 
2.4 to 3.0 Solum- (Solum) Bw2: dark gray (10YR 4/1) and dark grayish brown (10YR 4/2) 
loam; moderate medium to coarse subangular blocky parting to weak medium 
prismatic structure; very friable; noneffervescent; clear smooth boundary 
3.0 to 3.6 Solum- (Solum) Bg1: dark gray (2.5Y 4/1) and dark grayish brown (2.5Y 4/2) clay 
loam; weak medium prismatic structure; friable; noneffervescent; clear smooth 
boundary 
3.6 to 4.0 Solum- (Solum) Bg2-Cg: dark grayish brown (2.5Y 4/2) and grayish brown (2.5Y 
5/2) clay loam; weak coarse prismatic to massive structure; friable; noneffervescent; 
abrupt smooth boundary 
4.0 to 8.5 Dows Fm.- (Morgan) MOU: grayish brown (2.5Y 5/2) and dark grayish brown 
(2.5Y 4/2) sandy clay loam diamicton and loamy medium sand; few fine light 
brownish gray (2.5Y 6/2) mottles; resedimented; very friable; many fine strong 
brown (7.5YR 5/6) Fe oxides; strongly effervescent 
8.5 to 9.2 Dows Fm.- (Morgan) OU: olive brown (2.5Y 5/4) and olive brown (2.5Y 5/3) 
loamy sand, sandy loam diamicton and silts; resedimented; very friable; strongly 
effervescent; clear boundary 
9.2 to 10.8 Dows Fm.- (Morgan) OJU: yellowish brown (10YR 5/4) sandy loam diamicton and 
grayish brown (2.5Y 5/2) silt inclusions; resedimented; very friable to friable; 
common medium yellowish brown (10YR 5/6) Fe stains on joint faces; strongly 
effervescent; clear boundary 
10.8 to 13.0 Dows Fm.- (Morgan) OJU: yellowish brown (10YR 5/4) to olive brown (2.5Y 5/4); 
resedimented; friable; common medium strong brown (7.5YR 5/6) Fe stains on joint 
faces; strongly effervescent; clear boundary 
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South Fork Core Description (J23) 
Drilled October 10, 2005 
Described by Deb Quade 
Elevation: 1150.076 ft 
Location (UTM NAD 83):  Easting 477587.094, Northing 4706042.725 
Depth (ft) Description 
0.0 to 1.2 Solum.- (Solum) Ap: very dark gray (10YR 3/1) sandy loam with common pebbles; 
weak fine granular structure; very friable; strongly effervescent; abrupt wavy 
boundary 
1.2 to 1.7 Solum- (Solum) A: very dark gray (10YR 3/1) and dark gray (10YR 4/1) loam; 
weak fine subangular blocky structure; very friable; noneffervescent; gradual 
smooth boundary 
1.7 to 2.4 Solum- (Solum) Bw1: dark grayish brown (10YR 4/2) loam; moderate fine to 
medium subangular blocky structure; very friable; noneffervescent; gradual smooth 
boundary 
2.4 to 3.0 Solum- (Solum) Bw2: dark gray (10YR 4/1) and dark grayish brown (10YR 4/2) 
loam; moderate medium to coarse subangular blocky parting to weak medium 
prismatic structure; very friable; noneffervescent; clear smooth boundary 
3.0 to 3.6 Solum- (Solum) Bg1: dark gray (2.5Y 4/1) and dark grayish brown (2.5Y 4/2) clay 
loam; weak medium prismatic structure; friable; noneffervescent; clear smooth 
boundary 
3.6 to 4.0 Solum- (Solum) Bg2-Cg: dark grayish brown (2.5Y 4/2) and grayish brown (2.5Y 
5/2) clay loam; weak coarse prismatic to massive structure; friable; noneffervescent; 
abrupt smooth boundary 
4.0 to 8.5 Dows Fm.- (Morgan) MOU: grayish brown (2.5Y 5/2) and dark grayish brown 
(2.5Y 4/2) sandy clay loam diamicton and loamy medium sand; few fine light 
brownish gray (2.5Y 6/2) mottles; resedimented; very friable; many fine strong 
brown (7.5YR 5/6) Fe oxides; strongly effervescent 
8.5 to 9.2 Dows Fm.- (Morgan) OU: olive brown (2.5Y 5/4) and olive brown (2.5Y 5/3) 
loamy sand, sandy loam diamicton and silts; resedimented; very friable; strongly 
effervescent; clear boundary 
9.2 to 10.8 Dows Fm.- (Morgan) OJU: yellowish brown (10YR 5/4) sandy loam diamicton and 
grayish brown (2.5Y 5/2) silt inclusions; resedimented; very friable to friable; 
common medium yellowish brown (10YR 5/6) Fe stains on joint faces; strongly 
effervescent; clear boundary 
10.8 to 13.5 Dows Fm.- (Morgan) OJU: yellowish brown (10YR 5/4) to olive brown (2.5Y 5/4); 
resedimented; friable; common medium strong brown (7.5YR 5/6) Fe stains on joint 
faces; strongly effervescent; clear boundary 
13.5 to 15.9 Dows Fm.- (Morgan) OJU: olive brown (2.5Y 5/3) loam diamicton and silty clay 
loam diamicton; resedimented; friable; common fine strong brown (7.5YR 5/6) Fe  
stains on joint faces; strongly effervescent; clear boundary 
15.9 to 18.5 Dows Fm.- (Morgan) OJU-RJU: olive brown (2.5Y 5/3) to dark grayish brown 
(2.5Y 4/2) clay loam to loam diamicton; resedimented; friable to slightly firm; 
common fine medium strong brown (7.5YR 4/6) Fe stains on joint faces; strongly 
effervescent; abrupt boundary 
18.5 to 23.4 Dows Fm.- (Morgan) UU: gray (5Y 5/1) to dark gray (5Y 4/1) loam diamicton; 
massive; slightly firm; strongly effervescent; abrupt boundary 
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South Fork Core Description (K12) 
Drilled October 11, 2005 
Described by Deb Quade 
Elevation: 1109.011 ft 
Location (UTM NAD 83):  Easting 488214.749, Northing 4696727.599 
Depth (ft) Description 
0.0 to 4.0 Dows Fm.- (Morgan) RU: (2.5Y 4/2+5/2) sandy loam to loam grading to (2.5Y 5/1-
6/1) coarse silt; appears laminated; (1.8/5') recovery 
4.0 to 9.0 Dows Fm.- (Morgan) RU: (10Y 4/1) loam diamicton with high silt content (10Y 
5/1); slightly firm; few fine fractures with (10YR 4/6) Fe stains; strong 
effervescence 
9.0 to 12.05 Dows Fm.- (Morgan) RU: (5Y 4/1) sandy loam and (5Y 5/1) loamy medium to 
coarse sand; few inclusions of silt; slightly firm; strong effervescence; (0.8/5') 
recovery 
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South Fork Core Description (K18) 
Drilled October 11, 2005 
Described by Deb Quade 
Elevation: 1108.660 ft 
Location (UTM NAD 83):  Easting 488215.749, Northing 4696727.768 
Depth (ft) Description 
0.0 to 4.0 Dows Fm.- (Morgan) RU: (2.5Y 4/2+5/2) sandy loam to loam grading to (2.5Y 5/1-
6/1) coarse silt; appears laminated; (1.8/5') recovery 
4.0 to 9.0 Dows Fm.- (Morgan) RU: (10Y 4/1) loam diamicton with high silt content (10Y 
5/1); slightly firm; few fine fractures with (10YR 4/6) Fe stains; strong 
effervescence 
9.0 to 14.0 Dows Fm.- (Morgan) RU: (5Y 4/1) sandy loam and (5Y 5/1) loamy medium to 
coarse sand; few inclusions of silt; slightly firm; strong effervescence; (0.8/5') 
recovery 
14.0 to 19.0 Dows Fm.- (Morgan) RU: (10Y 4/1) fine sand to coarse silt; fine sand to coarse 
sand and gravel (possibly) at bottom of tube; friable; strong effervescence 
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South Fork Core Description (L47) 
Drilled October 11, 2005 
Described by Deb Quade 
Elevation: 970.798 ft 
Location (UTM NAD 83):  Easting 490641.111, Northing 4683397.682 
Depth (ft) Description 
0.0 to 4.0 Noah Creek Fm.- (Noah Creek) OU: (5YR 5/4) sandy loam to medium pebble 
gravel (pebbles up to 1" gravel); loose; strong effervescence 
4.0 to 9.0 Noah Creek Fm.- (Noah Creek) OU: (7.5YR 5/4+5/3) pebble and gravel with 
medium to coarse sand matrix; loose; strong effervescence 
9.0 to 14.0 Noah Creek Fm.- (Noah Creek) OU: (5YR 4/4+4/6+5/4) pebble gravel (pebbles up 
to 1.5" daimeter), matrix supported (medium to very coarse sand matrix); (7.5YR 
6/4+6/5) fine sand inclusions; loose; strong effervescence 
14.0 to 23.6 Noah Creek Fm.- (Noah Creek) OU: (7.5YR 5/2-5/3) matrix supported pebble 
gravel with coarse to very coarse sand matrix; (5YR 4/4 ) Fe coatings around larger 
clasts; loose; strong effervescence 
23.6 to 24.0 Noah Creek Fm.- (Noah Creek) OU: (10YR 5/4-5/3) very fine silty sand; laminated; 
friable; violent effervescence 
24.0 to 28.5 Noah Creek Fm.- (Noah Creek) OU: (10YR 6/4+5/4) medium coarse sand with few 
fine pebbles; loose; strong effervescence 
28.5 to 38.4 Noah Creek Fm.- (Noah Creek) OU: (10YR 5/3-5/4) fine silty sand at top; (10YR 
5/4+5/6+4/6) very coarse sand; loose; strong effervescence 
38.4 to 38.5 Noah Creek Fm.- (Noah Creek) OU: (2.5Y 5/4) loamy sand; friable; (7.5YR 3/1) 
Mn rind around sand; wet; moderate effervescence 
38.5 to 43.75 Noah Creek Fm.- (Noah Creek) OU: (10YR 5/4+5/3) gravelly coarse sand at lower 
1.5' and very fine silty sand at top; loose; strong effervescence 
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APPENDIX B. SOUTH FORK GEOLOGIC LOGS 
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Clay loam, Lake Mills Mbr., Dows Fm. 
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Till, Morgan Mbr., Dows Fm. (solum) 
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Till, Morgan Mbr., Dows Fm. (solum) 
Till, Morgan Mbr., Dows Fm.
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Till, Morgan Mbr., Dows Fm. (solum)
Till, Morgan Mbr., Dows Fm.
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Clay loam (solum)
Loam (solum)
Silty clay loam, Peoria Fm.
Loamy fine to medium sand, Unamed 
erosion surface sediments
No Recovery
Loamy fine to medium sand with few 
 pebbles, Unamed erosion surface 
sediments
12
11
10
9
8
7
6
5
4
3
2
1
1
2
3
South Fork Watershed Piezometer
Li
th
ol
og
y
D
ep
th
 (f
t)
F11
Lithologic DescriptionWell Construction
 187
Loam (solum)
Clay loam (solum)
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Silty clay loam, Peoria Fm.
Loamy fine to medium sand, Unamed 
erosion surface sediments
No Recovery
Loamy fine to medium sand with few 
 pebbles, Unamed erosion surface 
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Till, Sheldon Creek Fm.-Undiff.
No Recovery
Loamy fine to medium sand with few 
 pebbles, Unamed erosion surface 
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Sandy loam to medium pebble gravel, 
Noah Creek Fm.
Pebble and gravel with medium to coarse 
sand matrix, Noah Creek Fm.
Pebble gravel, Noah Creek Fm.
Very fine silty sand, Noah Creek Fm.
Medium coarse sand, Noah Creek Fm.
Fine silty sand, Noah Creek Fm.
Loamy sand, Noah Creek Fm.
Gravelly coarse sand and fine silty sand, 
Noah Creek Fm.
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APPENDIX C. SOUTH FORK WELL DIAGRAMS 
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Table D 1.  Hydraulic head measurements from the South Fork watershed taken from November 6, 2005 to  
October 24, 2006. 
Piezometer 11/6/2005 1/4/2006 1/31/2006 2/28/2006 3/15/2006 4/3/2006 4/12/2006 5/10/2006
A15 -- -- -- -- -- 1230.83 1232.34 1239.04 
A23 1226.93 1226.40 1225.59 1225.63 1223.65 1225.59 1224.11 1237.15 
B14 1178.35 1177.82 1178.02 1178.29 1178.35 1178.78 1179.53 1180.23 
B29 1178.30 1177.77 1178.01 1178.30 1178.36 1178.85 1179.46 1180.11 
C15 -- -- 1173.53 1174.15 1173.24 1173.71 1174.40 1176.32 
C20 1166.70 1170.34 1172.20 1172.57 1170.53 1171.72 1172.53 1173.81 
C28 1167.06 1166.77 1168.21 1168.34 1167.94 1168.65 1169.50 1171.31 
D13 1128.55 1128.56 1128.56 1128.60 1128.87 1129.15 1130.77 1132.83 
D20 1127.40 1126.724 1127.80 1128.00 1127.14 1128.41 1129.65 1131.80 
E20 -- -- -- -- -- -- -- -- 
E26 1131.50 1130.97 1130.84 1130.81 1130.71 1130.69 1130.86 1131.83 
F11 1037.27 1039.33 1039.51 1039.32 1039.82 1040.99 1040.50 1040.98 
F20 1037.25 1039.32 1039.51 1039.30 1039.78 1040.84 1040.37 1040.77 
G13 -- -- -- 1219.05 1219.09 1220.62 1223.24 1224.62 
G20 1215.36 1215.69 1217.13 1219.04 1219.20 1220.62 1222.42 1223.70 
H14 1169.77 1171.22 1171.79 1171.54 1171.98 1174.07 1173.27 1174.56 
H21 1163.52 1169.34 1170.27 1168.89 1165.88 1169.92 1171.12 1172.21 
I13 1160.20 1161.01 1162.04 1161.37 1161.49 1162.68 1162.45 1163.39 
I20 1160.03 1160.58 1161.66 1161.17 1161.25 1162.14 1162.21 1163.20 
J13 1139.86 1140.99 1142.00 1141.49 1141.62 1143.09 1143.00 1143.41 
J23 1135.94 1139.67 1141.00 1140.93 1140.56 1141.52 1142.32 1142.71 
K12 1099.82 1102.39 1101.41 1100.69 1101.64 1102.86 1102.03 1102.35 
K18 1099.83 1102.19 1101.35 1100.75 1101.57 1102.63 1101.71 1102.24 
L47 931.19 931.08 931.00 930.90 930.99 931.27 931.44 931.93 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 1. (Continued) 
Piezometer 6/5/2006 6/20/2006 7/6/2006 8/1/2006 8/29/2006 9/26/2006 10/24/2006
A15 1237.87 1236.40 1234.57 1233.34 1231.42 -- -- 
A23 1237.37 1236.21 1234.19 -- 1230.79 1228.62 1226.98 
B14 1180.73 1180.39 1179.77 1179.46 1178.93 1179.56 1179.68 
B29 1180.73 1180.31 1179.71 1179.38 1179.82 1179.46 1179.60 
C15 1176.02 1176.11 1175.24 1175.96 1175.25 1176.60 1176.12 
C20 1173.93 1174.17 1173.78 1173.96 1173.51 1174.49 1174.26 
C28 1170.89 1170.58 1170.41 1170.69 1168.93 1170.46 1170.27 
D13 1132.62 1132.05 1131.18 1130.82 1130.12 1130.61 1130.87 
D20 1132.30 1131.59 1130.74 1130.20 1129.64 1129.98 1130.44 
E20 1132.48 1132.58 1132.13 1131.99 1134.58 -- -- 
E26 1132.64 1132.71 1132.27 1132.14 1131.60 1131.40 1131.40 
F11 1040.06 1039.62 1039.50 1038.72 1038.04 1039.98 1040.00 
F20 1039.96 1039.57 1039.47 1039.14 1038.05 1039.91 1039.94 
G13 1223.67 1222.47 1221.68 1222.04 1219.94 1219.80 1220.33 
G20 1223.52 1222.50 1220.96 1222.14 1220.12 1219.87 1220.48 
H14 1173.00 1172.52 1172.04 1171.28 1171.02 1173.45 1173.17 
H21 1171.99 1171.93 1170.98 1168.64 1170.10 1172.14 1172.26 
I13 1162.85 1162.23 1161.42 1160.89 1160.42 1161.16 1161.36 
I20 1163.01 1162.40 1161.53 1160.99 1160.45 1161.00 1161.12 
J13 1142.59 1142.03 1141.58 1141.13 1139.55 1140.53 1140.37 
J23 1142.02 1141.45 1141.06 1140.41 1139.08 1139.71 1139.75 
K12 1101.04 1100.47 1100.39 1099.99 1100.39 1102.12 1101.42 
K18 1101.08 1100.58 1100.39 1099.96 1100.34 1102.04 1101.41 
L47 931.45 931.15 -- 930.83 930.56 931.29 931.12 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 2. Hydraulic head and flux calibration targets used for calibration of the South 
Fork GFLOW model. 
Calibration Target Observed Value 
  
Hydraulic head ft above m.s.l. (m) 
A15/A23 1229.86 ft (375 m)
B14/B29 1178.99 ft (359 m)
C15/C20/C28 1173.30 ft (358 m)
D13/D20 1129.93 ft (344 m)
F11/F20 1039.33 ft (317 m)
G13/G20 1219.59 ft (372 m)
H14/H21 1171.97 ft (357 m)
I13/I20 1161.49 ft (354 m)
J13/J23 1141.42 ft (348 m)
K12/K18 1101.12 ft (336 m)
L47 931.14 ft (284 m)
 
Flux cfs (cms) 
SF450 80.7 cfs (2.28 cms)
SF400 33.0 cfs (0.935 cms)
BC350 18.7 cfs (0.530 cms)
TC325 21.4 cfs (0.605 cms)
  
Table D 3. Hydraulic head measurements from the Old Transect Wells taken from October 1996 to September 1997. 
Piezometer 10/1/96 10/2/96 10/3/96 10/4/96 10/5/96 10/6/96 10/7/96 10/8/96 10/9/96 10/10/96
WC7 885.30 885.29 885.03 884.86 884.89 884.92 884.90 884.80 884.81 884.78 
WC4B 866.14 866.07 866.00 865.96 865.92 865.89 865.91 865.85 865.81 865.75 
WC5B 843.92 843.82 843.76 843.77 843.78 843.77 843.74 843.74 843.71 843.65 
WC6B 816.56 816.39 816.10 815.88 815.83 815.79 815.75 815.72 815.71 815.70 
Piezometer 10/11/96 10/12/96 10/13/96 10/14/96 10/15/96 10/16/96 10/17/96 10/18/96 10/19/96 10/20/96
WC7 884.47 884.59 884.61 884.51 884.43 884.44 884.45 884.46 884.17 884.23 
WC4B 865.70 865.63 865.56 865.50 865.47 865.48 865.48 865.48 865.48 865.48 
WC5B 843.68 843.65 843.63 843.61 843.60 843.60 843.57 843.53 843.55 843.55 
WC6B 815.60 815.65 815.64 815.62 815.61 815.61 815.63 815.66 815.52 815.52 
Piezometer 10/21/96 10/22/96 10/23/96 10/24/96 10/25/96 10/26/96 10/27/96 10/28/96 10/29/96 10/30/96
WC7 884.34 884.14 884.24 884.25 884.01 884.12 884.00 883.78 883.82 884.23 
WC4B 865.48 865.48 865.48 865.48 865.49 865.49 865.49 865.49 865.49 865.49 
WC5B 843.49 843.56 843.64 843.77 843.87 843.86 843.80 843.86 844.01 844.10 
WC6B 815.56 815.49 817.22 817.32 817.16 816.99 816.84 816.65 816.55 817.41 
Piezometer 10/31/96 11/1/96 11/2/96 11/3/96 11/4/96 11/5/96 11/6/96 11/7/96 11/8/96 11/9/96 
WC7 883.95 883.80 883.89 883.85 883.96 884.13 884.13 884.34 884.27 884.28 
WC4B 865.49 865.49 865.49 865.50 865.50 865.50 865.50 865.50 865.60 865.71 
WC5B 844.28 844.42 844.46 844.54 844.60 844.74 845.32 845.52 845.59 845.65 
WC6B 817.15 816.80 816.58 816.36 816.28 817.13 817.28 817.25 817.01 816.78 
Piezometer 11/10/96 11/11/96 11/12/96 11/13/96 11/14/96 11/15/96 11/16/96 11/17/96 11/18/96 11/19/96
WC7 884.42 884.46 884.55 884.70 885.10 885.43 886.02 886.41 886.40 886.54 
WC4B 865.82 865.89 865.97 866.03 866.09 866.16 866.23 866.28 866.35 866.46 
WC5B 845.63 845.57 845.53 845.57 845.57 845.68 845.69 845.57 845.63 845.75 
WC6B 816.66 816.45 816.31 816.14 816.26 816.72 816.78 816.59 816.41 816.22 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 3. (Continued) 
Piezometer 11/20/96 11/21/96 11/22/96 11/23/96 11/24/96 11/25/96 11/26/96 11/27/96 11/28/96 11/29/96
WC7 886.78 886.96 886.94 887.08 887.43 887.32 887.52 887.48 887.62 887.94 
WC4B 866.71 866.91 867.11 867.32 867.48 867.61 867.67 867.71 867.75 867.78 
WC5B 845.87 845.88 845.93 846.03 845.89 845.88 845.78 845.76 845.86 845.88 
WC6B 816.33 816.58 816.79 816.64 816.78 817.05 816.52 816.23 815.97 815.82 
Piezometer 11/30/96 12/1/96 12/2/96 12/3/96 12/4/96 12/5/96 12/6/96 12/7/96 12/8/96 12/9/96 
WC7 888.18 888.28 888.35 888.32 888.24 888.41 888.84 888.97 888.98 889.98 
WC4B 867.83 867.91 867.96 868.01 868.07 868.16 868.21 868.25 868.27 868.31 
WC5B 845.90 845.94 846.01 846.04 846.13 846.41 846.40 846.29 846.21 846.20 
WC6B 815.73 815.75 815.88 815.99 815.67 815.59 815.55 815.56 815.68 815.79 
Piezometer 12/10/96 12/11/96 12/12/96 12/13/96 12/14/96 12/15/96 12/16/96 12/17/96 12/18/96 12/19/96
WC7 889.13 889.39 889.32 889.25 889.30 889.38 889.32 889.53 889.48 889.44 
WC4B 868.35 868.38 868.40 868.42 868.44 868.45 868.48 868.49 868.50 868.50 
WC5B 846.27 846.14 846.04 845.97 845.96 845.91 845.97 845.91 845.86 845.78 
WC6B 815.68 815.60 815.78 815.96 -- -- -- -- -- -- 
Piezometer 12/20/96 12/21/96 12/22/96 12/23/96 12/24/96 12/25/96 12/26/96 12/27/96 12/28/96 12/29/96
WC7 889.40 889.41 889.54 889.45 889.52 889.23 889.24 889.31 889.45 889.45 
WC4B 868.50 868.50 868.49 868.47 868.43 868.39 868.36 868.33 868.30 868.14 
WC5B 845.74 845.78 845.68 845.69 845.53 845.49 845.50 845.55 845.51 845.37 
WC6B -- -- -- -- -- -- -- -- -- -- 
Piezometer 12/30/96 12/31/96 1/1/97 1/2/97 1/3/97 1/4/97 1/5/97 1/6/97 1/7/97 1/8/97 
WC7 889.21 889.28 889.16 889.35 889.41 889.31 889.46 889.14 888.91 888.89 
WC4B 868.00 867.88 867.78 867.71 867.66 867.64 867.60 867.56 867.51 867.47 
WC5B 845.38 845.31 845.38 845.38 845.29 845.36 845.21 845.09 845.10 845.15 
WC6B -- -- -- -- -- 816.14 816.54 816.50 816.42 816.13 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 3. (Continued) 
Piezometer 1/9/97 1/10/97 1/11/97 1/12/97 1/13/97 1/14/97 1/15/97 1/16/97 1/17/97 1/18/97
WC7 888.98 889.24 889.04 888.79 888.63 888.57 888.68 888.99 888.54 888.57 
WC4B 867.45 867.42 867.37 867.33 867.28 867.25 867.23 867.17 867.13 867.09 
WC5B 845.26 845.14 845.02 844.95 844.93 844.97 845.11 844.87 844.88 844.89 
WC6B 815.75 815.76 815.66 815.47 815.35 815.29 815.27 815.41 815.41 815.35 
Piezometer 1/19/97 1/20/97 1/21/97 1/22/97 1/23/97 1/24/97 1/25/97 1/26/97 1/27/97 1/28/97
WC7 888.59 888.61 888.58 888.69 888.53 888.33 888.53 888.19 888.24 888.13 
WC4B 867.06 867.02 866.99 866.95 866.91 866.87 866.86 866.82 866.80 866.77 
WC5B 844.88 844.84 844.90 844.88 844.82 844.93 844.79 844.83 844.78 844.71 
WC6B 815.26 815.30 815.50 815.79 816.17 816.06 816.05 815.77 815.62 815.42 
Piezometer 1/29/97 1/30/97 1/31/97 2/1/97 2/2/97 2/3/97 2/4/97 2/5/97 2/6/97 2/7/97 
WC7 888.00 888.11 888.25 888.35 888.12 887.94 887.90 888.06 887.74 887.75 
WC4B 866.84 866.70 866.67 866.63 866.59 866.55 866.52 866.47 866.43 866.40 
WC5B 844.76 844.81 844.82 844.77 844.72 844.76 844.84 844.71 844.76 844.77 
WC6B 815.37 815.41 815.51 815.60 816.30 816.40 816.51 816.57 816.44 816.49 
Piezometer 2/8/97 2/9/97 2/10/97 2/11/97 2/12/97 2/13/97 2/14/97 2/15/97 2/16/97 2/17/97
WC7 887.73 887.65 887.66 887.65 887.63 887.51 887.53 887.59 887.42 887.29 
WC4B 866.36 866.32 866.29 866.25 866.21 866.17 866.14 866.10 866.10 866.04 
WC5B 844.75 844.79 844.79 844.78 844.72 844.75 844.76 844.68 844.62 844.71 
WC6B 816.49 816.46 816.47 816.46 816.45 816.38 816.34 816.15 815.96 815.71 
Piezometer 2/18/97 2/19/97 2/20/97 2/21/97 2/22/97 2/23/97 2/24/97 2/25/97 2/26/97 2/27/97
WC7 887.52 887.56 887.30 887.51 887.79 887.59 887.49 887.51 887.80 888.01 
WC4B 866.01 865.98 865.97 865.97 865.97 865.97 865.96 865.96 865.96 865.96 
WC5B 844.72 844.91 844.97 846.03 845.73 845.48 845.37 845.42 845.44 845.34 
WC6B 815.84 816.37 816.69 816.74 816.99 816.78 816.64 816.55 816.58 816.58 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 3. (Continued) 
Piezometer 2/28/97 3/1/97 3/2/97 3/3/97 3/4/97 3/5/97 3/6/97 3/7/97 3/8/97 3/9/97 
WC7 887.90 887.86 887.91 887.69 887.79 887.68 887.55 887.44 887.66 887.45 
WC4B 865.95 865.95 865.93 865.93 865.93 865.93 865.92 865.93 865.92 865.93 
WC5B 845.29 845.32 845.33 845.35 845.27 845.23 845.18 845.27 845.16 846.42 
WC6B 816.48 816.48 816.66 816.62 816.64 816.54 816.47 816.39 816.45 816.36 
Piezometer 3/10/97 3/11/97 3/12/97 3/13/97 3/14/97 3/15/97 3/16/97 3/17/97 3/18/97 3/19/97
WC7 887.56 887.66 887.53 887.70 888.03 888.09 888.16 888.51 888.74 888.68 
WC4B 866.06 866.47 866.75 866.96 867.07 867.15 867.23 867.30 867.36 867.41 
WC5B 846.54 846.35 846.30 846.37 846.28 846.17 846.23 846.24 846.12 846.10 
WC6B 817.01 817.09 817.05 817.00 816.96 816.79 816.27 816.19 816.30 816.70 
Piezometer 3/20/97 3/21/97 3/22/97 3/23/97 3/24/97 3/25/97 3/26/97 3/27/97 3/28/97 3/29/97
WC7 888.86 889.04 889.22 889.04 889.03 889.27 889.17 889.22 889.32 889.40 
WC4B 867.46 867.51 867.55 867.57 867.60 867.62 867.64 867.65 867.68 867.68 
WC5B 846.12 846.16 846.00 845.94 846.01 845.93 845.92 845.96 845.98 845.82 
WC6B 816.65 816.67 816.74 816.63 816.55 816.42 816.90 816.56 816.38 816.24 
Piezometer 3/30/97 3/31/97 4/1/97 4/2/97 4/3/97 4/4/97 4/5/97 4/6/97 4/7/97 4/8/97 
WC7 889.12 889.03 888.96 889.03 888.91 888.96 889.20 889.41 889.08 888.79 
WC4B 867.67 867.66 867.66 867.64 867.62 867.62 867.63 867.64 867.73 867.81 
WC5B 845.77 845.72 845.73 845.68 845.69 845.74 845.80 845.88 846.16 846.49 
WC6B 816.08 816.22 816.00 815.98 815.93 816.14 815.86 816.52 816.88 816.55 
Piezometer 4/9/97 4/10/97 4/11/97 4/12/97 4/13/97 4/14/97 4/15/97 4/16/97 4/17/97 4/18/97
WC7 888.75 888.93 889.21 889.46 889.64 889.66 889.85 890.47 890.93 891.31 
WC4B 867.91 867.99 868.06 868.15 868.21 869.87 870.67 870.72 870.70 870.70 
WC5B 846.62 846.71 846.72 846.71 846.61 847.17 847.93 847.95 847.87 847.86 
WC6B 816.38 816.10 816.15 816.47 816.74 816.76 817.13 816.96 816.73 816.44 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 3. (Continued) 
Piezometer 4/19/97 4/20/97 4/21/97 4/22/97 4/23/97 4/24/97 4/25/97 4/26/97 4/27/97 4/28/97
WC7 891.69 891.75 891.83 891.89 891.86 891.86 891.82 891.81 891.89 891.84 
WC4B 870.61 870.58 870.55 870.51 870.50 870.14 870.27 870.19 870.13 870.07 
WC5B 847.72 847.58 847.46 847.31 847.19 846.98 846.83 846.76 846.77 846.73 
WC6B 816.36 816.29 816.28 816.48 816.79 816.54 816.73 816.58 816.51 816.50 
Piezometer 4/29/97 4/30/97 5/1/97 5/2/97 5/3/97 5/4/97 5/5/97 5/6/97 5/7/97 5/8/97 
WC7 891.78 891.91 892.48 893.18 893.76 893.82 893.82 893.61 893.55 895.13 
WC4B 869.99 869.98 871.88 872.34 871.94 871.75 871.71 871.45 871.72 872.26 
WC5B 846.66 846.70 848.26 848.84 849.29 849.23 849.10 848.84 848.66 850.50 
WC6B 816.41 816.36 817.57 817.62 817.71 817.53 817.19 816.89 816.40 817.16 
Piezometer 5/9/97 5/10/97 5/11/97 5/12/97 5/13/97 5/14/97 5/15/97 5/16/97 5/17/97 5/18/97
WC7 895.04 894.88 894.72 894.50 894.29 894.04 893.77 893.61 893.42 893.23 
WC4B 871.95 871.83 871.75 871.57 871.55 871.45 872.58 871.16 871.31 871.22 
WC5B 850.47 850.25 850.02 849.69 849.38 849.07 848.75 848.50 848.31 848.14 
WC6B 817.48 817.11 816.78 816.44 816.21 816.27 816.13 811.51 815.97 816.39 
Piezometer 5/19/97 5/20/97 5/21/97 5/22/97 5/23/97 5/24/97 5/25/97 5/26/97 5/27/97 5/28/97
WC7 892.86 892.59 892.41 892.25 892.38 892.24 893.69 895.24 894.89 894.12 
WC4B 870.93 870.76 870.62 870.52 870.44 870.37 870.26 871.90 871.78 872.01 
WC5B 847.89 847.69 847.53 847.41 847.41 847.32 847.19 847.11 847.91 848.30 
WC6B 816.26 815.88 815.78 815.71 815.67 815.57 815.57 815.57 817.31 817.12 
Piezometer 5/29/97 5/30/97 5/31/97 6/1/97 6/2/97 6/3/97 6/4/97 6/5/97 6/6/97 6/7/97 
WC7 894.41 893.88 892.84 890.01 890.13 890.25 890.35 890.43 890.55 890.74 
WC4B 871.80 871.61 871.45 871.32 871.16 871.00 870.89 870.81 870.88 870.72 
WC5B 848.60 848.62 848.49 848.35 848.21 848.03 847.86 847.75 847.60 847.45 
WC6B 817.27 817.14 816.93 816.60 816.20 815.95 815.83 815.76 815.71 816.72 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 3. (Continued) 
Piezometer 6/8/97 6/9/97 6/10/97 6/11/97 6/12/97 6/13/97 6/14/97 6/15/97 6/16/97 6/17/97
WC7 890.85 890.97 891.05 891.17 891.30 891.46 891.62 891.33 891.13 891.09 
WC4B 870.71 870.53 870.38 870.27 870.28 870.32 870.15 870.03 869.90 869.75 
WC5B 847.31 847.17 847.07 846.98 846.92 846.90 846.75 846.68 846.60 846.47 
WC6B 815.95 816.19 815.87 815.72 815.70 816.87 816.33 815.99 815.84 815.67 
Piezometer 6/18/97 6/19/97 6/20/97 6/21/97 6/22/97 6/23/97 6/24/97 6/25/97 6/26/97 6/27/97
WC7 890.93 890.74 890.59 890.47 890.33 890.15 889.97 889.84 889.76 889.53 
WC4B 869.64 869.53 869.44 869.43 869.41 869.29 869.19 869.16 869.15 869.11 
WC5B 846.40 846.32 846.26 846.18 846.09 846.03 846.00 845.92 845.78 845.80 
WC6B 815.52 815.44 815.39 815.45 817.06 816.33 815.90 815.71 817.26 816.80 
Piezometer 6/28/97 6/29/97 6/30/97 7/1/97 7/2/97 7/3/97 7/4/97 7/5/97 7/6/97 7/7/97 
WC7 889.25 889.20 889.13 889.03 888.92 888.90 888.76 888.61 888.48 888.41 
WC4B 869.03 868.97 868.95 868.92 868.88 868.83 868.78 868.73 868.69 868.63 
WC5B 845.81 845.81 845.79 845.80 845.78 845.67 845.61 845.58 845.55 845.51 
WC6B 816.25 815.90 815.69 815.91 815.73 815.52 815.40 815.34 815.34 815.40 
Piezometer 7/8/97 7/9/97 7/10/97 7/11/97 7/12/97 7/13/97 7/14/97 7/15/97 7/16/97 7/17/97
WC7 888.32 888.25 888.21 888.07 887.99 887.97 887.93 887.87 887.77 887.68 
WC4B 868.58 868.53 868.44 868.38 868.32 868.26 868.19 868.13 868.07 867.97 
WC5B 845.50 845.44 845.38 845.37 845.35 845.32 845.29 845.25 845.24 845.23 
WC6B 815.37 815.32 815.27 815.25 815.23 815.27 816.81 816.14 815.80 815.69 
Piezometer 7/18/97 7/19/97 7/20/97 7/21/97 7/22/97 7/23/97 7/24/97 7/25/97 7/26/97 7/27/97
WC7 887.72 887.71 887.71 887.63 887.55 887.51 887.43 887.39 887.34 887.35 
WC4B 867.88 867.80 867.74 867.67 867.60 867.59 867.53 867.49 867.45 867.40 
WC5B 845.19 845.15 845.12 845.12 845.09 845.08 845.09 845.10 845.08 845.06 
WC6B 815.63 815.67 815.64 815.62 816.19 815.92 816.28 816.91 816.49 816.08 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 3. (Continued) 
Piezometer 7/28/97 7/29/97 7/30/97 7/31/97 8/1/97 8/2/97 8/3/97 8/4/97 8/5/97 8/6/97 
WC7 887.30 887.24 887.10 887.01 886.96 886.94 886.98 886.92 886.91 886.82 
WC4B 867.34 867.29 867.24 867.18 867.13 867.06 867.01 866.95 866.88 866.86 
WC5B 845.01 844.98 844.96 844.95 844.95 844.92 844.91 844.88 844.83 844.83 
WC6B 815.87 815.73 815.64 815.60 815.57 815.56 815.55 815.54 815.50 815.44 
Piezometer 8/7/97 8/8/97 8/9/97 8/10/97 8/11/97 8/12/97 8/13/97 8/14/97 8/15/97 8/16/97
WC7 886.74 886.73 886.69 886.74 886.72 886.60 886.57 886.62 886.51 886.66 
WC4B 866.82 866.76 866.70 866.64 866.57 866.51 866.44 866.38 866.32 866.25 
WC5B 844.80 844.79 844.77 844.72 844.69 844.68 844.65 844.67 844.66 844.62 
WC6B 815.42 815.39 815.40 815.38 815.33 815.34 816.63 816.09 815.90 816.79 
Piezometer 8/17/97 8/18/97 8/19/97 8/20/97 8/21/97 8/22/97 8/23/97 8/24/97 8/25/97 8/26/97
WC7 886.66 886.49 886.35 886.29 886.39 886.35 886.29 886.28 886.29 886.39 
WC4B 866.27 866.23 866.22 866.21 866.15 866.09 866.04 865.98 865.93 865.88 
WC5B 844.59 844.60 844.64 844.62 844.68 844.67 844.66 844.67 844.64 844.62 
WC6B 816.05 817.25 816.71 816.42 816.12 815.86 815.74 815.69 815.67 815.63 
Piezometer 8/27/97 8/28/97 8/29/97 8/30/97 8/31/97 9/1/97 9/2/97 9/3/97 9/4/97 9/5/97 
WC7 886.34 886.35 886.34 886.33 886.35 886.36 886.23 886.20 886.15 886.05 
WC4B 865.83 865.77 865.72 865.66 865.60 865.53 865.49 865.42 865.36 865.30 
WC5B 844.61 844.58 844.56 844.54 844.50 844.46 844.44 844.40 844.40 844.40 
WC6B 815.63 815.61 815.61 815.59 815.56 815.51 815.48 815.45 815.39 815.37 
Piezometer 9/6/97 9/7/97 9/8/97 9/9/97 9/10/97 9/11/97 9/12/97 9/13/97 9/14/97 9/15/97
WC7 886.14 886.27 886.23 886.19 886.18 886.13 886.06 886.03 886.02 886.00 
WC4B 865.24 865.17 865.43 865.35 865.25 865.17 865.08 865.01 864.91 864.83 
WC5B 844.37 844.34 844.33 844.30 844.28 844.26 844.23 844.22 844.19 844.18 
WC6B 815.35 815.30 815.28 816.59 815.95 815.73 815.63 815.59 815.73 815.74 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 3. (Continued) 
Piezometer 9/16/97 9/17/97 9/18/97 9/19/97 9/20/97 9/21/97 9/22/97 9/23/97 9/24/97 9/25/97
WC7 885.95 886.00 886.15 885.91 885.97 885.90 885.67 885.64 885.74 885.68 
WC4B 864.73 864.65 864.55 863.52 863.58 863.62 863.68 863.71 863.75 863.81 
WC5B 844.20 844.13 844.13 844.11 839.62 844.05 844.05 844.03 844.07 844.09 
WC6B 815.73 815.73 815.62 815.62 815.58 814.91 815.42 815.46 817.23 816.81 
Piezometer 9/26/97 9/27/97 9/28/97 9/29/97 9/30/97      
WC7 885.68 885.80 885.70 885.79 885.69      
WC4B 863.84 863.89 863.94 863.98 864.01      
WC5B 844.05 844.06 844.04 844.05 843.99      
WC6B 816.41 816.06 815.94 815.80 815.72      
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 4. Hydraulic head measurements from the Riparian Transect Wells taken from October 2001 through  
September 2004. 
Piezometer 10/3/01 10/17/01 10/31/01 11/28/01 12/5/01 1/10/02 2/5/02 2/19/02 3/7/02 3/18/02
E7D 811.24 810.63 810.31 809.92 809.87 809.61 809.48 809.62 809.91 810.15 
E6C 802.59 800.07 801.22 801.68 801.36 800.71 800.36 804.25 803.34 802.91 
E5C 799.80 798.80 800.09 800.58 800.07 799.51 799.12 800.76 800.45 800.47 
E4C 800.16 797.91 798.34 798.38 798.52 798.24 797.93 799.02 799.16 799.61 
E3C 798.09 797.67 798.20 798.34 798.38 798.00 797.81 798.88 798.80 799.12 
E2C 796.85 796.21 796.61 796.36 796.69 796.61 796.33 797.03 797.37 797.28 
E1C 794.43 794.49 794.60 794.63 794.79 794.84 794.78 794.97 795.15 795.12 
W6D 838.09 835.14 836.25 837.14 837.09 837.25 837.12 837.07 837.05 -- 
W5C 802.08 800.04 801.07 801.37 801.47 801.62 801.36 802.43 802.42 802.68 
W4C 798.40 798.06 798.90 799.00 799.22 798.97 798.77 799.50 799.79 800.13 
W3C 799.25 799.24 799.82 800.22 800.12 799.56 799.54 800.51 803.78 801.01 
W2C 796.91 796.77 797.26 797.48 797.67 797.75 797.55 798.37 798.69 798.77 
W1C 794.37 794.60 794.62 794.49 795.65 794.60 795.51 794.58 794.66 794.65 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 4. (Continued) 
Piezometer 3/22/08 3/27/02 4/10/02 4/18/02 4/23/02 5/1/02 5/8/02 5/15/02 5/22/02 5/30/02
E7D 810.26 810.41 -- 809.97 810.41 813.28 816.62 816.50 818.91 818.43 
E6C 802.78 802.55 -- 804.18 805.87 805.77 804.55 804.12 804.61 805.85 
E5C 800.87 800.50 -- 800.13 801.09 801.02 800.08 800.01 800.28 800.73 
E4C 800.77 799.72 -- 800.42 801.07 801.10 800.29 799.31 800.04 801.08 
E3C 799.26 799.14 -- 800.33 800.70 801.13 800.37 800.18 800.07 800.97 
E2C 797.66 797.62 -- 800.01 800.13 801.40 800.53 800.38 800.16 800.03 
E1C 795.25 795.37 795.77 796.12 795.98 797.01 796.59 796.58 796.38 796.06 
W6D 833.98 834.54 835.58 836.21 836.52 837.24 838.00 837.39 839.19 839.53 
W5C 802.53 802.90 803.04 803.53 803.51 804.49 804.00 803.85 804.00 804.31 
W4C 800.59 800.49 801.00 800.45 800.93 801.54 800.47 800.34 800.84 801.59 
W3C -- 800.88 801.17 800.67 801.29 801.28 800.48 800.03 800.45 801.42 
W2C 799.49 799.26 800.03 799.86 800.34 801.12 799.93 799.88 799.90 801.31 
W1C 794.75 794.67 794.81 795.08 795.12 795.62 795.36 796.71 795.37 795.38 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 4. (Continued) 
Piezometer 6/5/02 6/12/02 6/19/02 7/17/02 7/24/02 8/7/02 8/21/02 9/4/02 9/17/02 9/25/02
E7D 817.99 817.55 816.94 814.32 813.79 812.46 811.05 810.78 809.87 809.50 
E6C 804.63 805.57 804.42 803.91 803.90 803.33 803.33 802.90 800.06 802.48 
E5C 800.66 800.94 800.69 799.83 799.93 799.65 800.57 799.76 798.88 799.82 
E4C 800.24 801.02 799.81 799.94 799.99 799.35 799.39 799.26 797.67 799.22 
E3C 800.21 800.99 799.83 799.83 799.92 799.14 799.15 799.21 797.65 799.08 
E2C 799.47 799.17 799.20 798.11 798.55 798.19 797.99 798.97 797.13 798.01 
E1C 796.01 795.75 795.83 795.06 795.29 794.83 794.65 795.33 794.35 794.53 
W6D 839.80 839.65 839.64 838.39 838.15 837.71 837.34 837.05 836.79 836.62 
W5C 803.79 803.83 803.40 802.55 802.48 802.18 802.12 802.24 801.62 802.27 
W4C 801.33 801.67 800.73 800.58 800.86 800.13 801.01 800.10 799.30 801.08 
W3C 801.03 801.39 800.60 800.40 800.57 799.92 -- -- -- 802.36 
W2C 800.69 801.28 800.18 800.21 800.23 799.77 800.35 799.58 798.69 800.27 
W1C 795.55 795.71 795.47 795.46 795.53 795.05 795.02 794.96 794.53 795.12 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 4. (Continued) 
Piezometer 10/2/02 10/16/02 11/6/02 11/19/02 12/4/02 1/8/03 2/13/03 2/19/03 3/12/03 3/25/03
E7D 809.38 810.67 811.01 810.85 810.57 810.00 809.15 809.04 808.95 809.67 
E6C 804.60 802.53 803.32 802.59 802.13 801.73 802.14 801.92 801.49 803.12 
E5C 801.31 800.96 801.12 799.92 799.69 799.66 -- -- -- 800.39 
E4C 800.99 799.80 800.33 799.89 799.49 798.94 798.11 800.88 799.01 800.96 
E3C 801.03 799.82 800.29 799.81 799.47 799.11 798.21 800.24 -- 801.00 
E2C 798.51 799.91 799.03 798.72 798.18 798.19 797.46 797.32 798.03 800.32 
E1C 796.32 796.06 795.42 795.31 795.14 795.15 795.22 795.46 796.01 795.90 
W6D 836.51 836.38 836.20 836.11 835.97 835.83 835.58 835.55 835.43 835.39 
W5C 804.66 802.77 802.87 802.64 802.34 801.94 801.54 801.50 801.39 803.63 
W4C 801.12 800.44 801.46 800.51 799.94 799.30 798.73 798.50 799.07 800.93 
W3C 802.97 802.03 802.90 802.38 801.41 801.21 800.42 800.80 -- 802.70 
W2C 801.22 799.82 800.21 799.50 798.84 798.13 797.53 797.48 797.98 800.39 
W1C 796.10 795.37 795.20 796.03 794.86 794.80 794.80 795.29 795.68 795.32 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 4. (Continued) 
Piezometer 4/9/03 4/18/03 4/23/03 5/1/03 5/7/03 5/14/03 5/21/03 5/28/03 6/4/03 6/11/03
E7D 809.57 809.56 809.74 810.45 824.83 825.89 824.11 822.45 821.07 820.18 
E6C 802.50 802.50 802.96 803.84 806.41 806.53 805.27 804.55 804.00 803.59 
E5C 800.39 800.07 800.12 801.56 801.51 800.86 800.05 799.84 799.84 800.49 
E4C 800.92 800.98 801.01 801.10 801.13 801.16 801.08 800.62 799.96 801.11 
E3C 800.97 800.98 801.03 801.14 801.25 801.23 801.11 800.58 799.95 801.09 
E2C 799.89 800.30 801.11 801.37 801.57 801.53 800.93 800.28 799.45 800.87 
E1C 795.70 796.09 796.90 797.46 798.71 798.26 796.98 796.48 796.06 796.39 
W6D 835.38 835.43 835.48 835.83 836.44 838.64 839.92 840.14 840.09 839.93 
W5C 803.64 803.68 804.35 805.23 806.61 806.10 805.26 804.56 804.07 804.40 
W4C 801.14 800.18 800.98 801.33 801.69 801.76 801.05 799.67 799.27 800.89 
W3C 802.84 802.04 802.57 802.88 802.91 802.92 802.72 801.90 801.49 802.75 
W2C 799.84 799.32 800.18 801.30 801.30 801.28 800.20 799.34 799.02 800.42 
W1C 795.09 795.11 795.71 796.94 798.88 797.74 796.07 795.51 795.23 795.37 
Note: All values in feet above m.s.l. (mean sea level) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
238 
  
Table D 4. (Continued) 
Piezometer 6/18/03 6/25/03 7/1/03 7/9/03 7/23/03 7/31/03 8/4/03 8/20/03 9/3/03 9/11/03
E7D 821.66 -- 818.41 825.70 821.33 820.08 819.34 816.32 812.71 811.30 
E6C 803.23 -- 802.96 806.44 804.32 803.63 803.28 802.59 802.17 801.84 
E5C 799.89 -- 800.08 801.57 799.77 799.62 799.44 799.12 798.45 798.17 
E4C -- -- -- -- -- 798.71 798.21 797.21 796.62 796.27 
E3C 800.15 -- 800.64 801.29 799.73 798.81 798.32 797.46 796.94 796.65 
E2C 800.01 -- 799.77 801.42 799.56 798.59 797.85 796.56 795.27 796.23 
E1C 796.26 -- 796.03 800.33 796.20 795.72 795.38 794.79 794.24 793.96 
W6D 839.79 --  839.41 840.19 839.72 839.32 838.26 837.46 837.07 
W5C 803.74 -- 803.25 806.63 803.81 803.09 802.69 801.96 801.46 801.29 
W4C 799.55 -- 800.58 801.57 799.75 799.55 799.18 798.83 798.24 797.93 
W3C 801.36 -- 801.76 802.88 800.79 800.62 800.28 799.72 799.30 799.04 
W2C 799.34 798.56 799.72 801.26 799.31 799.04 798.78 798.28 797.90 797.72 
W1C 795.19 795.03 795.20 799.52 795.36 795.09 794.99 794.76 794.60 794.48 
Note: All values in feet above m.s.l. (mean sea level)  
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Table D 4. (Continued) 
Piezometer 9/17/03 10/7/03 10/16/03 10/30/03 11/20/03 1/21/04 2/25/04 3/18/04 3/30/04 4/7/04 4/27/04
E7D 810.54 809.29 808.96 808.68 815.51 817.54 818.41 820.93 822.95 822.18 822.07 
E6C 802.23 801.85 802.62 801.76 802.41 802.69 803.00 803.33 803.94 803.56 803.51 
E5C 799.41 798.91 799.97 799.03 800.19 800.80 801.19 800.92 801.02 800.42 800.43 
E4C 796.79 796.94 797.13 797.31 800.98 -- -- -- 800.48 800.45 800.40 
E3C 797.13 797.22 797.50 797.60 801.06 -- -- 800.40 800.35 800.26 800.20 
E2C 794.17 793.37 793.24 792.95 800.95 799.24 800.03 799.91 800.40 800.04 799.85 
E1C 793.94 793.79 793.82 793.93 796.06 796.45 796.89 796.83 797.35 796.94 797.10 
W6D 836.94 836.62 836.52 -- 836.61 836.92 836.92 838.82 841.51 840.37 842.33 
W5C 801.36 801.12 801.05 800.99 803.75 803.74 804.03 805.41 805.44 805.07 804.87 
W4C 799.98 800.03 801.17 800.20 801.36 -- -- 801.43 801.18 800.27 800.58 
W3C 800.25 800.49 801.54 801.16 802.76 -- -- 802.88 802.78 802.66 802.53 
W2C 800.26 799.39 800.18 799.21 800.51 799.46 801.32 801.11 800.94 799.93 800.17 
W1C 795.78 794.96 795.14 794.94 795.52 795.35 796.44 795.86 796.60 795.76 795.91 
Note: All values in feet above m.s.l. (mean sea level)  
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Table D 4. (Continued) 
Piezometer 5/4/04 5/13/04 5/25/04 6/3/04 6/9/04 6/22/04 7/26/04 8/12/04 9/1/04 9/17/04
E7D 821.65 820.88 825.75 823.75 822.16 820.48 814.12 813.52 812.85 811.99 
E6C 803.26 803.06 805.46 804.23 803.71 803.06 802.06 802.03 801.99 801.72 
E5C 800.22 800.47 801.31 800.44 800.05 800.23 800.24 799.96 799.72 799.59 
E4C 799.88 800.42 800.49 800.16 799.23 799.40 799.68 799.27 799.93 -- 
E3C 799.69 800.13 800.39 800.03 799.01 798.81 799.41 799.18 799.97 797.94 
E2C 798.82 798.24 800.53 799.23 798.19 797.39 797.99 798.32 798.94 796.73 
E1C 796.62 796.26 799.22 796.92 796.39 795.93 795.79 796.21 796.29 795.35 
W6D 842.92 842.85 845.30 844.21 843.69 842.17 841.47 842.69 842.73 841.48 
W5C 804.62 804.62 806.67 806.09 804.40 803.74 803.69 803.89 804.20 803.05 
W4C 799.80 799.89 801.44 801.00 799.97 799.86 800.18 799.84 800.78 -- 
W3C 802.01 802.71 802.79 802.43 801.45 801.69 801.90 801.15 801.90 800.62 
W2C 799.43 799.65 801.11 800.33 799.55 799.18 799.75 799.50 800.12 798.38 
W1C 795.49 795.60 799.39 796.13 795.64 795.27 795.45 795.58 795.64 794.70 
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Table D 5. Hydraulic head measurements from the Cabbage Wells taken from October 2001 through September 2004. 
Piezometer 10/31/01 12/5/01 1/10/02 2/18/02 4/10/02 4/23/02 5/1/02 5/8/02 6/5/02 6/12/02
MW2 875.09 875.19 875.18 875.48 875.89 -- 876.00 -- 875.22 -- 
MW3 885.84 885.91 885.70 885.99 886.31 886.46 886.47 885.54 885.60 886.60 
MW5 903.17 903.47 902.95 903.67 905.59 906.72 912.77 913.04 915.21 916.50 
MW6 901.77 901.55 901.43 901.37 903.01 903.38 904.41 907.81 912.84 912.19 
MW7 882.68 -- -- -- -- -- -- -- 893.83 896.52 
MW8 -- -- -- -- 908.51 909.24 912.31 913.79 916.38 917.88 
MW10 -- -- -- -- 896.07 897.08 901.14 903.30 907.86 909.26 
Piezometer 7/17/02 7/24/02 8/8/02 8/21/02 9/4/02 9/17/02 10/2/02 10/23/02 11/6/02 12/4/02
MW2 -- 875.01 874.69 874.93 874.72 874.37 876.96 875.14 875.45 875.30 
MW3 -- 885.19 885.07 885.39 885.49 884.93 887.20 885.66 886.25 885.72 
MW5 -- 911.89 910.93 909.51 908.48 907.50 906.81 908.31 908.24 908.11 
MW6 910.38 909.62 908.03 906.62 905.71 904.63 903.87 904.92 904.88 904.54 
MW7 -- 890.59 888.43 887.28 885.06 885.44 883.55 885.03 885.81 885.10 
MW8 915.13 914.08 912.66 911.18 909.97 908.58 909.17 910.75 910.50 909.79 
MW10 -- 904.73 903.03 901.57 900.44 899.14 898.38 899.38 899.24 898.87 
Piezometer 1/8/03 2/13/03 2/19/03 3/12/03 3/25/03 4/9/03 4/18/03 4/23/03 5/7/03 5/14/03
MW2 875.34 875.15 875.27 875.08 875.53 875.69 875.43 875.63 877.12 876.39 
MW3 885.71 885.31 885.56 885.58 886.24 886.29 885.58 885.92 887.10 885.94 
MW5 907.42 906.82 906.75 904.25 904.92 904.30 903.81 904.06 917.44 917.40 
MW6 904.20 903.56 903.58 904.05 905.05 904.48 904.24 904.16 915.22 915.46 
MW7 885.10 884.62 884.49 884.03 883.96 883.82 883.71 883.67 898.49 898.60 
MW8 908.73 908.19 908.12 908.34 909.40 908.11 907.83 908.02 918.73 918.81 
MW10 898.45 897.92 897.84 897.74 897.61 897.49 897.46 897.54 910.08 911.10 
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 5. (Continued) 
Piezometer 5/21/03 5/28/03 6/4/03 6/11/03 6/17/03 6/25/03 7/1/03 7/9/03 7/23/03 8/4/03 8/20/03
MW2 875.41 875.07 875.06 875.37 875.05 874.84 875.15 877.16 875.02 874.65 874.01 
MW3 885.76 885.27 885.38 886.29 885.46 885.29 885.64 887.15 885.34 885.10 884.50 
MW5 916.44 915.80 915.18 916.39 915.47 914.73 914.87 918.91 915.24 913.64 910.89 
MW6 914.22 912.95 911.86 913.17 912.62 913.56 911.86 916.93 912.48 910.06 906.96 
MW7 895.66 893.90 892.92 896.28 893.98 892.92 893.62 899.06 893.38 891.14 887.74 
MW8 918.63 917.39 916.55 917.78 917.01 916.19 916.42 920.19 917.03 914.98 912.32 
MW10 909.47 908.57 907.64 908.98 908.29 907.27 907.51 911.84 907.95 905.68 902.74 
Piezometer 9/3/03 9/17/03 10/7/03 11/20/03 1/21/04 2/25/04 3/18/04 3/30/04 4/9/04 4/27/04 5/4/04 
MW2 873.38 873.69 874.20 875.52 -- -- 875.74 875.87 875.22 875.32 875.10 
MW3 883.90 884.68 885.19 885.95 886.02 886.88 885.92 885.99 885.47 885.70 885.43 
MW5 907.80 906.68 905.13 913.09 910.50 909.60 911.04 912.81 912.67 913.62 913.14 
MW6 904.30 903.38 902.46 908.71 907.56 906.70 908.18 910.60 910.15 910.25 910.20 
MW7 886.44 885.40 883.19 -- 886.83 886.17 888.63 891.42 891.31 891.25 891.87 
MW8 909.22 908.20 907.57 914.89 912.63 911.99 913.58 915.12 914.76 915.27 914.99 
MW10 899.70 898.24 897.73 904.17 902.37 901.87 903.97 905.93 905.48 906.16 905.86 
Piezometer 5/10/04 6/3/04 6/10/04 6/29/04 7/15/04 7/28/04 8/12/04 9/1/04 9/8/04   
MW2 875.42 875.32 875.09 875.02 875.51 875.32 873.86 875.60 875.01   
MW3 886.21 885.54 885.40 885.32 885.78 885.62 885.78 885.84 885.49   
MW5 914.12 916.43 915.66 913.34 914.76 912.48 914.81 913.04 910.86   
MW6 909.77 913.96 912.58 909.42 -- 908.46 910.53 908.12 906.13   
MW7 892.72 895.32 893.83 890.83 892.94 890.64 893.20 891.77 --   
MW8 915.23 918.40 917.39 915.06 916.26 914.19 915.67 914.19 911.97   
MW10 905.93 909.28 908.17 904.91 906.84 904.46 906.92 905.06 902.83   
Note: All values in feet above m.s.l. (mean sea level) 
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Table D 6. Hydraulic head and flux calibration targets used for calibration of the Walnut 
Creek-Squaw Creek GFLOW model. 
Calibration Target Observed Value
  
Hydraulic head ft above m.s.l. (m) 
WC4B 865.5 ft (264 m)
WC5B 843.4 ft (257 m)
WC6B 814.0 ft (248 m)
WC7 883.3 ft (269 m)
MW2 875.3 ft (267 m)
MW3 885.8 ft (270 m)
MW5 909.6 ft (277 m)
MW6 906.7 ft (276 m)
MW7 888.1 ft (271 m)
MW8 912.0 ft (278 m)
MW10 901.9 ft (275 m)
W1C 795.4 ft (243 m)
W2C 799.4 ft (244 m)
W3C 801.2 ft (244 m)
W4C 800.0 ft (244 m)
W5C 803.0 ft (245 m)
W6D 838.1 ft (256 m)
E1C 795.7 ft (243 m)
E2C 798.4 ft (243 m)
E3C 799.3 ft (244 m)
E4C 799.4 ft (244 m)
E5C 800.2 ft (244 m)
E6C 802.8 ft (245 m)
E7D 814.0 ft (248 m)
  
Flux cfs (cms) 
SQW2 7.73 cfs (0.219 cms)
WNT2 7.76 cfs (0.220 cms)
WNT1 2.94 cfs (0.0832 cms)
 
